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INTRODUCTION. 



WilF.N the author was asked to write the following 
little treatise he acceded to the request with much 
pleasure, because he had long known that an ele- 
mentary treatise on Electricity and Magnetism of a 
somewhat novel character was much needed. In 
England at the present time it may almost be said 
that there are two sciences of Electricity— one that 
is taught in ordinary text-books, and the other a 
sort of floating science known more or less perfectly 
to practical electricians, and expressed in a fragmentary 
manner in papers by Faraday, Thomson, Maxwell, 
Joule, Siemens, Matthiessen, Clark, Varlcy, CuUey, 
and others. The science of tht schools is so dis- 
similar from that of the practical electrician that it 
has been quite impossible to give students any 
sufficient, or even approximately sufficient, text-book. 
It has been necessary to refer them to disjointed 
treatises in the Reports of the British Association, in the 
'Cambridge Mathematical Journal,' the 'Phil. Trans.' 
and the 'Phil. Magazine.' A student might have 
mastered Delarive's large and valuable treatise and 
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vi Introduction. 

yet feel as if in an unknown country and listening to 
an unknown tongue in the company of practical men. 
It is also not a little curious that the science known 
to the practical men was, so to speak, far more scientific 
than the science of the text-books. These latter 
contain an apparently incoherent series of facts, and 
it is only by some considerable mental labour that, 
after reading the long roll of disjointed experiments, 
the student can even approximately understand any 
one experiment in its entirety ; the explanation of 
part of the very first phenomenon described cannot 
be given until one of the very last experiments has 
been mastered. 

The author has found it quite impossible, for this 
very reason, to write his treatise on the ordinary plan 
of beginning with simple experiments and gradually 
building up a science by the description of a series of 
more and more complex phenomena. Not a single 
electrical fact can be correctly understood or even 
explained until a general view of the science has 
been taken and the terms employed defined. The 
terms which are employed imply no hypothesis, and 
yet the very explanation of them builds up what may 
be called a theory. The terms cannot be explained 
by mere definitions, because they refer to phenomena 
with which the reader is unacquainted. The mere 
explanation of the terms, therefore, requires some 
rapid description of facts, the truth of which the 
reader must at first take for granted. Many of the 
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Introduction. vii 

assertions cannot be proved to be true except by- 
complex apparatus, and the action of this complex 
apparatus cannot be explained until the general 
theory has been mastered. 

The plan followed in the book is therefore as 
follows :^First, a general synthetical view of the 
science has been given, in which the main phenomena 
are described and the terms employed explained. This 
general view of the science cannot be made very easy 
reading, although it will probably be found easier by 
those who have no preconceived notions about tension, 
intensity, and so forth, than by students of old text- 
books. If this portion of the work can be mastered, 
the student will then be readily able to understand 
what follows, viz., the description of the apparatus 
used to measure electrical magnitudes and to produce 
electricity under various conditions. The difference 
between the Electricity of schools and of the testing 
office has been mainly brought about by the absolute 
necessity in practice for definite measurement. The 
lecturer is content to say, under such and such cir- 
cumstances, a current flows or a resistance is increased. 
The practical electrician must know how much current 
and how much resistance, or he knows nothing ; the 
difference is analogous to that between quantitative 
and qualitative analysis. This measurement of elec- 
trical magnitudes absolutely requires the use of the 
word and idea potential, and of various units each 
with an appropriate name, in term.s of which each 
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electrical magnitude can be expressed. On a proper 
choice of units depends the simplicity of the ex- 
pression for the laws which connect electrical phe- 
nomena. After describing these laws and measure- 
ments, the author has given their chief practical 
application to telegraphy and a few examples of the 
construction of telegraphic apparatus. These fluctuate 
in form from year to year, and the special forms now 
in use will soon become antiquated ; but the general 
theory of Electricity on which the construction and 
use of these depends is permanent, depending on no 
hypothesis, and it has been the author's aim to state 
this general theory in a connected manner and in 
such a simple form that it might be readily under- 
stood by practical men. 



The above introduction is allowed to stand un- 
altered because it correctly describes what the author 
aimed at. He feels that the actual book falls very 
far short of the ideal he had conceived ; he perceives 
only too well that the arrangement might be very 
greatly improved, and the statements made in much 
clearer language. The book has been unfortunately 
written in intervals snatched from professional en- 
gagements at irregular periods, but the author would 
rather claim indulgence on the score that the effort 
made has at least been in the right direction, although 
far from fully successful. 
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He has to acknowledge having received very kind 
assistance from his friends Sir W, Thomson, Professor 
J. C. Maxwell, Mr. Ciilley, and Mr. C. F. Varley ; as 
well as from three of his assistants, Mr. W. Bbttomley, 
Mr. W. E. Ayrton, and Mr. W. F. King, who kindly 
examined the proofs. 

Mr. Latimer Clark and Mr, CuUey have allowed 
free use to be made of extracts from their valuable 
handbooks. 
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CHAPTER I. 

ELECTRIC QUANTITY, 

§ 1. A piEi,E of glass and a piece of gutta percha, or other 
resinous material, after being rubbed together, will be found 
to attract one another slightly One piece of resin thus 
rubbed repels another similarfv treated piece of resin, and 
one piece of nibbed glass repels another piece of rubbed 
glass ; it is ^Iso found that either the rubbed resin or the 
rubbed glass attracts any light body in its neighbourhood. 
The properties acquired by the glass or resin are not 
permanent 

Electricity is the name giien to the supposed agent 
producing the descnbed condition of bodies. It seems to have 
been natural to regard this agent as a kind of very subtle 
fluid, and the nomenclature adopted in treating of electricity 
is based on this idea. There has been much wTangling as to 
the hypotheses of one and of two fluids. It is quite un- 
necessary to assume that the phenomena are due to one 
fluid, two fluids, or any fluid whatever ; but in this treatise 
the names employed will be chiefly those which have been 
suggested to men of science by thinking of electrical pheno- 
mena as due to the presence or absence of a single fluid. 

The stick of resin or glass, while retaining the properties 
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described above, is said to be electrified or charged with 
electricity ; it carries electricity with it if moved from 
place to place. If these electrified bodies are wiped with 
a wet doth, a damp hand, or with metal foil, they cease to 
be electrified. The electricity is then said to have been 
conducted away and the bodies which lUow it to run off the 
glass or resin are called conductors of electricity Metals, 
water, the human body, damp wood and many other bodies 
are conductors. 

The air must be a non conductor or it would hiie rt, 
moved the electricity as w ell as the wet cli th 

Similarly, the resin -ind glass themselves are non con- 
ductors, for when the electrified pieces ire simj Iv laid on 
a conductor they do not lose all their electricity but remain 
electrified for some time in those portions which are not n 
the immediate neighbourhood of the conductor. 

Non-conductors are also called insulators. Glass, giitta 
percha, india-rubber, air, are examples of insulators. 

§ 2. If a small piece of metal, supported by an insulating 
rod, be allowed to toucli the electrified piece of glass or 
resin, it will be found to be in an electrical condition, 
similar to chat of the glass or resin which it has touched. 

The insulated conductor which has touched the resin 
repels the resin itself or any other insulated conductor which 
may have touched the electrified resin : it may be said to 
be electrified as the resin was, or charged with resinous 
electricity ; it attracts the electrified glass, or any insulated 
conductor electrified by the glass or charged with what is 
sometimes called vitreous electricity. 

It follows from these experiments that part of the elec- 
tricity on the resin or glass is communicated to any conductor 
which touches either of the bodies. The electrical pro- 
perties gained by the insulated conductor electrified by 
contact with the electrified resin have been gained at the 
expense of those possessed by the resin — the resin or glass 
loses what the metal gains ; similarly, the electrified con- 
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ductor can impart a portion of its properties to another 
conductor, losing that which it gives. We may, then, so far 
as can be yet seen, with propriety speak of a conductor as 
carrying a certain quantity of electricity, or as being charged 
with that quantity. . 

The insulated conductor has acquired the p ' I p o 
perties in virtue of which the resin or glass wa a d o b 
electrified, or charged with electricity; but 1 n 1 d 
and electrified conductor has some peculiariti »h h d 
tinguisil it from a similar piece of an electrifi d 
For instance, if the conductor be touched by I h d 
by the point of a wire held in the hand of a man not him- 
self insulated, it will lose all its electricity in a time so short 
as to appear inappreciable ; whereas the insulator can only 
lose its electricity gradually, when every part of its surface 
has been successively touched. 

We may also expect that if from any cause the distribu- 
tion of electricity in a body can be varied, even witliout its 
total amount being changed, this redistribution will take 
place almost instantaneously in the electrified conductor, 
and much more slowly in the electrified insulator. 

§ 3. TJie force exerted {other things being equal) by the 
electrified body on another similar body in its neighbour- 
hood, is found to depend on the quantity of electricity. If 
I halve the quantity, distributing that electricity over two 
equal balls, which was previously contained on one, the 
force exerted by the electricity on each ball will, under any 
given circumstances, be halved. It is in virtue of this force 
only, that we have known the ball to be electrified, and we 
may therefore, with propriety, speak of the quantity of 
electricity on each ball after the redistribution, as half that 
on the first ball originally. 

Resin and glass have been chosen as two typical materials, 
but any two different insulators rubbed together behave more 
or less as resin and glass do ; thus relatively to a stick of 
shellac or resin, flannel behaves as a piece of glass would do. 
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% 4. The followir 



g experiments illustrate what precedes. 
Suspend a pith ball by 
a silk thread (Fig. i) : 
pith, in order that the ball 
may be light ; silk, in 
order that it may be in- 
sulated.' 

1. A stick of shellac 
rubbed with flannel at- 
tracts the pith ball. 

2. After contact with 
tlie shellac, the pith ball 
will by conduction become 
negatively electrified as 
the shellac is, and will be 
repelled by it 

3. Arrange the flannel, 
which is not a very good insulator, so that it may be insulated 
both while rubbing the shellac, and afterwards ; this may he 
done by shaping it like a cup, and supporting it on a silk 
thread, or by gumming it on a metal disc fastened to a stick 
of vulcanite. Then the flannel, after rubbing the shellac, 
win be electrified with vitreous electricity, and will attract 
the pith ball electrified with resinous electricity. 

Converse effects will be produced by electrifying the pith 
ball by means of the flannel. The silk tiireads, shellac, and 
flannel must all be very dry, or the moisture will form a 
conductor along which the electricity will rapidly escape. 
Sometimes the pith ball is gilt, to make it a better conductor. 

Experiments, illustrating the proportion betiveen the force 
observed and the charge of electricity, can be made by 
means of the pith ball. 

4. Two pith balls electrified with different electricities 
attract one another (Fig. a). 
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5. Two similarly electrified pith balls hung side by side 
repel one another (Fig, 3). The same effect may be observed 
by means of two pieces of gold leaf insulated, and hanging 
aide by side. \Vlieii these apparatus are arranged (as in Fig. 4) 




with glass cases and stands, and with means, such as the 
metal rod a, of readily communicating an electncal charge 
from any body the conditfon of which is to be e\ammed, 
they are called electroscopes.' Thej mdicate the presence 
of electricity by showing the existence of a force The\ 
do not, strictly speaking, measure either the force or the 
quantity of electricity, but only indicate the presence of some 
force and some quantity. The little electroscope in Fig. 4 is 
furnished with a metal cap d, and two uninsulated strips of 
metal c c, the object of which is explained in § 14 and § 23. 
In testing the laws of electrical quantity, it is convenient 
to use a more complex arrangement for producing electricity 
than is afforded by the mere stick of shellac or glass. The 
ccmmon electrical macliine may be used to produce the 
electricity. This machine consists of a plate or cylinder of 
glass rubbed by flannel or some other semi-insulator while 
being turned, and having conductors conveniently arranged 
so as to gather either the vitreous electricity produced on the 
surface of the glass or the resinous electricity produced on 
the flannel. The best construction of these instruments will 
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be described when elec noal laws have been more fully 
explained, The balls by which the foregoing laws are 
illustrated, may be held on glass or vulcanite stems, which 
must, however, be very drj and clean, or the electricity will 
only be retained for a very short time u[ on the balls. 

J 5 It IS found that the dis b f 1 y 

the balls is unaffected by the mas fhbllp ddh 
surface remam constant Balls d f h Uy d ff 
materials but of the same size, f I rf b 

ductors, will behave in a preciscl) I m f 

regards the quantity of electncit h ! 1 11 b 
from any electrihed body which i j h b II y 

be «holl) of brass, another a gild d p h b U 



third a hollow iron baii; yet each will be found under 
similar circumstances to have what may be termed the same 
capacity for electricity. Moreover, let a ball (Fig. 5) be made 
of two hollow hemispiieres, enclosing an independent i on- 
ducting ball within them, and in contact with them, and let 
the system be electrified and the enclosing hemispheres 
removed by insulating handles. The internal ball will not 
be found electrified, and the two hemispheres, when placed 
in contact so as to fonn a complete ball, will, if the insulation 
has been perfect, be found to be as strongly electnlied as at 
first. Electricity, while at test, is therefore looked upon as 
residing in the surface only of the conductors. These state- 
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ments may be verified with the assistance of the electro- 
scopes before described. 

Although electricity when at rest can only be detected on 
the surface of bodies, we shall presently see that, when in 
motion, it does not run over the surface only ; it will pass 
more readily from one conductor to another along a solid 
rod than along a hollow rod of equal external dimensions 
and the same materials, vide § 3, Chapter IV. 

§ 6. Let one insulated conducting ball a be electrified by 
contact with rubbed resin, and another exactly similar ball b 
hy contact with rubbed glass. If the two balls be now put in 
contact with one another, they will assume an electrical condi- 
tion which is the same in both. If the ball a had most electri- 
city at first, the whole system will be electrified as by rubbed 
resin; if b had most electricity at first, the whole system 
will be electrified as by rubbed glass ; and in all cases the 
quantity of electricity on the two balls after contact wDl be 
equal to the diflerence of the charge on the two balls at first 
(it being remembered that the quantity of electricity is 
assumed to be measured by the force, which, if contained 
on a given conductor, it would be capable of exerting). 

The distinction between the electricity due to rubbed 
glass and that due to rubbed resin is therefore analogous to 
that between positive and negative algebraic quantities, and 
justifies the use of the epithets positiv e and neg^tive in place 
of vitreous and resinous When positive and negative 
electricities are summed the result is equal to the dif 
ference between the irithmctical (alues oi the quantities 
If tlie two quantities of electricity of dittcrent Linds were 
equal on the two balls, the result of the contact would be 
wholly to put an end to all electncal charge The tno 
bodies would be discharged and would be unelcctnfied, 
which we shall find to mem no more than that tliey will be 
in the same condition as all surroundm^ uninsulated bodies 

§ 7. The electricity appearing on the rubbed glass is 
called positive, that appearing on the rubbed flannel or 
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gutta percha is called negative ; and the algebraic signs 
+ and — are often used to denote the two different electrical 
conditions. 

+ positive, vitreous \ are three synonymous modes of 

— negative, resinous J describing electrical conditions. 

The symbols + and ~ have already been used on die 
foregoing figures showing attractions and repulsions, -i- 
repels + ; — repels — ; + attracts — . 

§ 8. When electricity is produced, it is found invariably 
that equal quantities of positive mt? negative electricity are 
produced. True, the glass when rubbed becomes positive 
only, but the material with which it is rubbed becomes 
negative, and the quantity on the glass is precisely equal 
and opposite to that upon the rubber. If the rubber be not 
insulated, the electricity upon it will be at once conducted 
to the earth, and will for the time being make the rest of 
the earth more negative than before ; but the earth, including 
the rubbed piece of glass, contains as a whole neither more 
nor less electricity than it did before ; the distribution only 
has been altered. 

When the whole surfaces of the two substances which 
have been rubbed together are thoroughly connected, either 
through the intervention of the mass of the earth or by 
any other conductor, the positive and negative electricities 
disappear, being neutralised as before. No substance is found 
to insulate so perfectly as to possess the power of keeping 
the two electricities asunder for more than a limited time. A 
perpetual leakage is always occurringfrom the one to the other 
through the mass of the insulator, until the combination or 
neutralisation is complete and all signs of electricity dis- 
appear. In elementary electrical experiments the one kind 
of electricity only is made manifest, because the one kind is 
concentrated in a small conductor and the ot)ier is probably 
diffused over the earth in the neighbourhood ; the quantity 
at any one spot being too small to produce appreciable 
effects. Thus, when a stick of sealing-wax (being one kind 



bv Google 



Chap. I.] Electi-ic Quantity. 9 

of resin) is rubbed by a cloth, the sealing-wax alone appears 
electrified, simply because the positive electricity diffuses 
itself over the earth from the cloth, through the hand of 
the person holding it. 

5 9. When one insulator is rubbed against another, one 
of them becomes charged with positive and the other with 
negative electricity ; and with any given pair of materials, 
one invariably becomes positively and the other negatively 
electrified; but whereas glass rubbed with siik or flannel 
becomes positively electrified, when rubbed with a cat's skin 
it becomes negatively electrified. It follows from this that 
the positive or negative electrification of the material does 
not depend absolutely on the substance of that material, 
but depends on some peculiar relation between the two 
substances in contact- It is proved by experiments that all 
insulators can be arranged as in the following Ust, which is 
such that tliose first on the list invariably become positive 
when rubbed by any of the substances taking rank after 
them, but negative when rubbed by a substance preceding 
them, This list is given on the authority of M. Ganot. 

Cat's skin. Flannel. 

Glass. Cotton. 

Ivory. Shellac. 

Sillt. Caoutchouc. 

Rock crystal. Resin, 

The hand. Gutta percha. 

Wood, Metals. 

Sulphur. Gun cotton. 

Those bodies which stand far apart on the list are dis- 
tinctly and decidedly positive or negative relatively to one 
another, but those bodies which appear near together on the 
list may possibly be misplaced. A very trifling difference in 
the composition of the body, or even in the state of its surface 
or of the colouring matter employed, will raise or lower tlie 
place of the body in the list. A rise in temperature lowers the 
body in the list, i.e. a hot body rubbed by a cold one identical 
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with it in chemical composition becomes negatively elec- 
trified. Generally it may be said that no difference between 
two insulators can be so trifling as not to necessitate the 
production of electricity when they are rubbed together. 
The relative position of two bodies on the scale can be 
readily tested by rubbing two insulated discs together and 
observing their action on a pith ball chatted with electricity 
of a known character or sign. 

§ 10. The word potential will now be substituted for the 
general and vague term electrical condition. \Vhen a body 
charged with positive electricity is connected with the earth 
electricity is transferred /toot the charged body to the eartli ; 
and, similarly, when a body charged with negative elec- 
tricity is connected with the earth electricity is transferred 
from the earth to the body. Generally, whenever two 
conductors in different electrical conditions are put in con- 
tact electricity will flow from one to the other. That which 
detennines the direction of the transfer is the relative 
potential of the two conductors. Electricity always flows 
from a body at higher potential to one at lower potential 
when the two are in contact or connected by a conductor. 
When no transfer of electricity takes place under these con- 
. ditions the bodies are said to be at the same potential, which 
may be either high or low. The potential of the earth is 
assumed as zero. The potential of a body is the difference 
of its potential from that of the earth. Potential admits of 
being measured and this measurement is fully described witli 
the conditions tending to produce a given potential in 
Chapter 11. Difference of potential for elecUicity is ana- 
logous to difference of level for water. From the above 
defmition it follows, that all parts internal and external of 
any conductor in or on which electricity is at rest must be at 
one potential. 

A body is said to be uninsulated when connected by a 
conductor with the earth. The potential of any uninsulated 
body is neither negative nor positive. There is in this 
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view notliing lo prevent our regarding the earth as an electri- 
fied body; indeed, we know that any one part of the earth 
is seidom or never in exactly the same electrical condition 
as any other part in the neighbourhood. We simply assume 
as our zero the condition of the earth in our neighbourhood 
for the time being ; just as we niay assume, in measuring 
heights, any arbitrary level, such as Trinity high-waler mark : 
a point above this is a positive height, a depth below it may 
be written or regarded as a negative height. 

§ 11. It is frequently said that positive electricity attracts 
negative electricity, but that positive repels positive and 
negative repels negative. We have stated that electrified 
bodies do present attractions and repulsions of this kind, 
and by a slight extension of language the electricity itself 
may be spoken of as attracting or repelling ; but there is a 
further phenomenon called statical induction, which does 
appear more distinctly to represent an attraction or repulsion 
of electricity, besides the attraction and repulsion of the 
bodies diarged with electricity. A body a brought into 
the neighbourhood of a body b at a diff"erent potential 
immediately produces a distribution of electricity over the 
surface of b, such as would be produced by the system of 
attractions and repulsions enumerated 'in § 7. If a be 
changed positively it attracts negative electricity to that end 
of the body b which is near it, and repels positive electricity 
to the remoter portions of b. If the body e be insulated; 
it neither loses nor gains electricity, but its ends are com- 
petent to produce electrical phenomena of opposite kinds. 
Separating the two ends we may retain each chained with 
its positive and negative electricity. Or if we connect the 
furtlier end of B with the earth even for a moment, the 
positive electricity will be driven off to the earth, and a 
permanent negative charge will then be retained on b. 
Otherwise when a is removed the + and — electricities on 
B recombine and exactly neutralise one another. By in- 
duction, as m the case of electricity obtained by friction, 
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precisely equal quantities of posime and negative elec- 
tnciUes -we simultaneouslv prod ced It will be convenienl 
to represent the distnbution of electricity on the surface 
of bodie? b} dotted lines the distances of which from 
the surli(,e aie proportional to the quantitv of electricity 
per square inch at that point then if the electricity be 
positive the dotted hne will be sVown outside the body; 
if negatne tie dottel line will -ippeir mside the body. 
Along one 1 ne sepiratin^ the posituch charged portion 
from the negativeh charge! portion there will be absolutely 
no charge The annexed Fi^re {6) represents an original 
and an induced chatge represented to the eye according to 
this plan. The dotted line on a shows the original charge 



when A was at a great distance from b. When brought into 
the position a, near b the original distribution is disturbed, 
and at the same tirae positive and negative electricities are 
induced at the two ends of e ; at the point t there is no 

5 12. This induction of electricity must take place in the 
space surrounding every electritied body. In a room con- 
taining a ball electrified positively, thesurfaceof the walls, the 
fiimiture, the experimenter himself must necessarily al! oe 
charged negatively in virtue of this induction. Where does 
this negative electricity come from ? If the electrified body 
has been charged positively by rubbing, and the negative 
electricity has been allowed free access to the earth, it may 
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electricity opposite in character to the first or original charge. 
The very existence of the original charge impUes the induced 
diarge. 

§ 13. Induction always takes place between two con- 
ductors at different potentials separated by an insulator. If 
the conductors are at the same potential, whether this be 
high or low, there is no induction. 

If the wall of the room and an insulated body inside 
the room are at the same potential, the insulated body 
will be found to produce no electrical effects. The walls 
of the room and the insulated body might both be insu- 
lated from the earth and at a high potential, but none of 
the electrical effects hitherto described could be proiduced 
by an experimenter in the room. The insulated body would 
not attract light bodies; it would induce no charge or redis- 
tribution of electricity on a conductor held in its neigh- 
bourhood, and would not itself be chained witli electricity 
or electrified. To produce all tliese phenomena we require 
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not only that the insulated botiy in the room be at a high 
potential, but that the surrounding walls be at a different 
potential. If the insulated body at a high potential were 
connected with the earth electricity would run from it to the 
earth, and then a negative charge would appear on the 
surface of the body and a positive charge on the inside of 
the room. The body would then become electrified. 

§ 14. Viewed in the light given by these facts the attrac- 
tion which an electrified body a exerts on uncharged bodies 
in the neighbourhood is simply due to the induced elec- 
trification which it produces in those bodies. The light 
uninsulated body b .(Fig. 7)' is attracted to the negatively 




electrified body a in virtue of the positi\e charge on b; this 
positive charge is also repelled by the walls of the room 
which will be positively electrified by induction from a. 
The light insulated body b (Fig. S) is attracted because its 
charge at the near side is attracted. The charge on die 
far side of b is repelled, on the contrary, by the body a, 
but less repelled than the near side is attracted, because it 
is more distant. The charge on the near side of b is again 
repelled from the walls of the room towards the body a ; 
the charge 00 the far side is attracted towards the walls 
and from A, but less than the near side is attracted, because 
the fiir side is nearer the walls. It is not until all these 
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aclLoiis are taken into account that the forces set in action 
can be fully calculated ; moreover, unless b be very small, 
it disturbs the distribution of electricity on a very sensibly. 

In the electroscope shown in Fig. 4, § 3, the metal strips f^ 
are inductively electrified by any charge on the gold leaves 
hb. They attract the gold leases and increase their diver- 
gence. They also make the action of the instrument more 
regular than it could be if glass were opposite b b, for 
the glass would always be liable to have an electrical charge 
of its own, independendy of any charge on b b. 

A similar complicated series of actions occur when a 
positively electrified ball is brought into the neighbourhood 
of another positively electrified ball ; each ball repels its 
neighbour and is attracted by the negative induced electri- 
cLiy on the surrounding walls. If the walls were positive 
also they would repel the balls back to one another, and if all 
were at the same potential the two positive balls would be in 
equilibrium and would not be electrified. 

The phenomenon of induction allows us to examine the 
electrical condition of any body without abstracting elec- 
tricity from it. If I hold a positively electrified body over 
the knob on the electroscope {Fig. 4), the knob will be 
negatively charged and the gold leave,-, positively cliarged 
by induction ; the gold leaves will therefore be deflected. 
On the removal of the inducing body, the electricities re- 
combine and the deflection ceases. It is easy, however, by 
touching the under side of the knob or plate used for this 
purpose with an uninsulated conductor such as the hand, to 
allow the one electricity to run to earth, and tlien we have 
the electroscope permanently charged with electricity of 
the opposite kind to that contained on the inducing body. 

§ 15. The distribution of electricity can be examined in 
two ways, the first of which is the following. We may 
tmich the surface of the body which we believe to be 
electrified with a small insulated disc called a proof plane, 
and then remove this conductor, and observe whether it is 
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competent to produce any of the electrical attractions and 
repulsions or inductions. If the conductor be small, and 
if it be held on a long insulating stem of small size also, 
it will not much disturb the distribution of the electricity 
over the surface to be tested though some disturbance will 
always be produced by induction. While touching the 
body, it will sensibly form part of the surface of that body, 
and, will be charged as the body is charged at that point, or 
nearly so. When removed, it will therefore retain a diaige 
nearly proportional to what is termed 
the density of the electricity at that 
point, and this density may therefore 
be tested by observing the attracting or 
repelling force whicli the proof plane 
is in each case capable of exerting 
directly or by induction on some body 
assumed to be at a constant electrical 
potential — for instance, on the pith 
ball electroscope. By experiments of 
tliis nature, the distribution of electri- 
city has been studied, and it is found 
that no electricity can be detected inside 
a hollow and empty conductor. A proof 
plane introduced (as in Fig. 9) into the 
interior of a highly electrified ball with- 
draws no sensible charge of electricity 
unless by accident it touches the edge of the aperture while 
being withdrawn. This distribution is a necessary conse- 
quence of the law that each elementary portion of a charge 
of electricity repels every other similar portion with a force 
inversely proportional to the square of the distance separat- 
ing them. We shall study hereafter a few of the laws of 
distribution of electricity on the surface of conductors of 
regular form, on the assumption that they are so far from 
all neighbouring conductors, that the distribution depends 
only on the form of the electrified surface. These laws 
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Hill show that electricity tends to ^ccumalate on ■^II pro- 
jections and 'hit the density at points is necessanl) very 
large Next we must study the diitnlution of electricity 
over two conductinT suttaces opjwsite each other The 
distnbution in this case dependa not only on the form of 
each surface, but on tneir protimity Fcr instance, the 
inside oi a hollow conductor wtll be inducti\elj chaiged 
by any electrihed ■in 1 insulated bodj phced theie and the 
chiigt on the internil surtice will be greater the doser the 
two surfices ire pHced The ch-irge is also ahected by 
the insulator separating the conductor 

A second mode of testing the distnbution of electri- 
at) IS to remove the portion ot the body the electricity of 
nhich IS to be tested from the s)stem of which it forms part, 
by msuktmg it fiom that s}Slem , its electricity maj then 
be tested by the proof plane or by its direct effects. 

§ 16. It follows from what has already been stated (§ ii) 
that an electrified conductor may at certain portions of its 
surface have little or no charge. If those parts are touched 
by the proof plane no electricity will be removed by it. 
TJius, if a cylinder be electrified by induction, so that one 
end is positive, the other end negative, as shown on the 
body B, Fig. 6, some point near the middle at e will not be 
chaj^ed. It will not electrify the proof plane or any other 
small conductor, and even if a portion of the cylinder itself 
be removed it will give no signs of electricity. If- it be 
touched by a large conductor, the whole distribution of 
electricity will be changed by induction before the contact 
takes place. Thus, if I connect the point e, Fig, 6, with 
the earth the whole distribution of electricity on b will be 
changed, for although e is no more chsj^ed with electricity 
than the earth itself the potential of the whole body e has 
been raised by induction from a on b ; the approach of 
the connecting wire alters the distribution of electricity, 
positive electricity accumulates opposite the wire even be- 
fore the contact is made, and the result of connecting e with 
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the earth would be to leave the body e charged with negative 
electricity only and at the potential of tlie earth. 

There are distributions of electricity such that the electri- 
fied conductor may actually be in contact with the largest 
conductor or with the earth without losing its electricity or 
the distribution being in any way changed, the conductor 
beingat the potential of the earth; for instance, consider the 
positively electrified conductor A, Fig. lo, insulated and 
sep-u-ated from the cond t by th' d' I t ' L t 

there be a negative chii^ th d t t 1 1 h 

positive charge on a the bl h 11 b f d 

upon the external surta f tl pp g 1 

held fji away from otlie d I p 1 th 

distnbution byelectritji g I 1 t th 1 

earth The positive ch g 11 d t 

charge on B as shown bj h d d h Th 

on . 



vill be 



the 



f 



th 



h g 



th th 



If I 



th th 



and 



that which occurs in 
The outside coating a has 



on B will be on the t 
allow either 4 or b to b 
without sensibly disturb th 
allow kth to be in con ct 
another the electncitie II 
another The dielectric d 
but ma) consist of air i 
b ition ol electriat\ descnl e^ 
a charged Lcyden jar (Fig 12) 

a large chaise of electricity almost equal to the charge of 
the internal coat ng b , nevertheless none of the electricity 
luns from the outer coating to the earth. The potential 
of the outer coating is zero It is often said that electricity 
in this case is latent or fived— in truth it is no more latent 
or fixed than any other charge of electricity. The distribu- 
tion in this case is such that no sensible charge is on the 
outside of the outside coating, the whole quantity being on 
the inside of the outside coating. 

If we were to form a Leyden jar with an opening ad- 
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mitting the ntroduction of a proof plane between the inner 
and outer coatings we mgH take off from either coating a 
qumt t) ) roportional to the tliarge at each place. This, in 
fact IS what we do when by the proof plane we remove a 
portion of the charge from a. conductor inside a room, or 
from the walls of a room inside which an electrified body is 




II 



placed. There is no difference in theory between the inner 
and outer coatings of the Leyden jar ; the outside of the 
inner coating, the inside of the outer coating are charged. 
From these electricity can be withdrawn by the proof 
plane ; from the other faces of either coating none can be 
taken. 

Whenever a conductor is charged a kind of Leyden jar is 
necessarily formed. The conductor is the inner coating, 
the air the dielectric, and the nearest surrounding conductors, 
such as the wall of the room or the person of the operator, 
form the outer coating; but the name of ' Leyden jar ' is 
reserved for those cases in which the two opposed con- 
ductors are brought very close together purposely. The 
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arrangement is also called a condmstr or accumulator. The 
difference of potential between the two coatings of the 
Leyden jar remains constant whichever coating is in connec- 
tion with the earth. If the original charge on the inside be 
positive, the outer insulated coating will be at a negative 
potential when the inner coating is put to earth. 

§ 1,7. The quantity of electricity on a given conductor 
may be measured. The existence of the quantity of elec- 
tricity is proved merely by the force which it exerts on other 
quantities of electricity. In order to measure quantities of 
electricity we must therefore measure tJie relative forces 
which different quantities exert under the same circum- 
stahces : if a quantity a of electricity exerts twice the force 
tlmt qiiantity b exerts under precisely similar circumstances, 
we may properly say tliat quantity a is double the quantity 
B. In order to measure anything a unit must be adopted. 

The unit quantity of electricity may conveniently be 
called that quantity which, concentrated at one point, 
would exert the unit force upon a similar and equal quantity 
concentrated at a point distant by one unit of length. There 
are many different units of length and force which might be 
adopted. The units chosen by the author in the present 
.work are the centimetre for the measure of length ; and 
the force capable of giving in one second a velocity of 
one centimetre per second to a gramme mass for the unit 
of force. The unit quantity of electricity upon this system, 
known as the electro-static system, is that which if concen- 
trated at one point would repel an equal quantity at a point 
one centimetre distant with such a force as would, after 
acting for one second, cause a gramme to moi'e with a 
velocity of one centimetre per second. Another unit- of 
electricity might be defined as that which would repel a 
similar tmit with the force of one grain at a distance of one 
foot. The idea at the root of both definitions would be 
identical, but the apparently more complex definition leads 
to ^eater simplicity in calculations. 
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5 18. The practical measurement of quantities of electri- 
city can in many cases be made by directly measuring tlie 
electrical forces in action ; the apparatus in which these 
forces are weighed is called an absolute electrometer. Any 
apparatus in which the forces produced bv different quantities 
under the same circum tan n call p lb 

not actually measured f m J 

meter. Indirect me Id as q j f 

more convenient for p ul rp b 

ments can and ough b 1 m d f 1 k 

described. In studj g h d nb f 1 yd 

various conditions, \ b d 

knowing generally th jjo 1 11 b m 

at others less, elect t) \ I 

with knowing the rel I f 

given conductor ; ;v m kn g ly h 

quantity of electricitj pe h 

termed the density f I 1 cal 1 g Th 1 
meters employed in mp g q f 1 ty 

different portions of y f rf m gi 

the relative amounts on various pomts, or they will not be 
measuring instruments. An absolute electrometer does more, 
it gives not only the relative but the absolute amounts. 

§ 19, Hitherto electricity has been spoken of as pro- 
duced directly by friction and indirectly by statical induc- 
tion only ; there are several other modes by which elec- 
tricity is produced : — i. The simple contact of two in- 
sulated pieces of dissimilar metals results in charging one 
metal with positive, the other with negative electricity in 
precisely equal amounts ; or it may be more correct to say 
tliat after contact the metals are found to be thus dissimilarly 
cliarged, The charges so produced or observed are very 
small. 2. If a metal be dipped in a liquid a similar 
effect occurs, the liquid and the metal being electrified in 
opposite ways. A difference of potentials is produced by 
the contact. The amount of elect rifiaition differs with 



bv Google 



Electricity and Magnetism. 



[Ch. 



different metil;. and difftrent liquids but is alw«s very 
sraiU compared with that which might be produced ly 
friction 3 When two dissimilar metals are plunged side 
by side into a liquid, such as water or a weak solut on of 
sulphuric acid thev do not exhibit any signs of electnhcjtion. 
The three materials rem^ln atone potential or nearl) so' 
K further description of this cunous fact is gi\en Chapter II. 
5 zz 4 If while the two dissimilar metals are in the 
liquid the^ are pined by metallic contact to terminal pieces 
ot one and the same metal these tennnial pieces will be 
brought to the same difference of potentials ai that which 
would te produced by direct contact between the dissimilar 
metalj Thus though zinc, watei and copper in an insulated 




jar are all at one poteni al if I jo i a copper terminal to the 
zinc, tl en th s copper term nal w 11 becone positive rela- 
tively to the zmc ater and second coj-per which all remain 
at one potential. 

The name of galvanic cell is given to an insulating jar con- 
taining two dissimilar metals plunged in a liquid composed 
of two or more chemical elements, one of which at least 
tends to combine with one or other of the two metals, or 



' The Voltaic tlieoiy of the galvanic cell is adopted i 
The above slatemenl is in direct contradiction witii ma 
electricity, which generally state thai Ihe metals becon; 
and the other negative. Vide Chapter II, g 23, 



this 
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both in different degrees. Bat whereas in the single cell no 
charge of electricity is given to either metal, if we insulate 
successive jars of the liquid one from another, and plunge 
successive pairs of metals, c and z, joined as in Fig. 1 3, 
into these jars, very considerable charges of electricity vriii 
be communicated to conductors in contact with the final 
plates of metal; thus, if coppers and zincs be used, the 
liquid being water or a weak solution of sulphuric acid, the 
last copper plate will charge a conductor positii'cly, the 
last zinc plate an equal conductor negatively. Sulphate 
of zinc will be formed during the process, and this chemical 



5 20. There is no difference whatever in kind between 
the electricity produced by friction and that produced by 
chemical reaction. It is worthy of remark that, in each 
case, the electricity requires for its production the contact of 
dissimilar materials. This contact requires to be supple- 
mented by friction in the case of insulators, by chemical 
reaction in the case of conductors. The friction between 
two dissimilar insulators invariably produces electricity. The 
difference of the chemical action of any conducting liquid 
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compound on two dissimilar metals produces electricity. 
The analogy between friction and chemical action is not 
known. Electricity in each case is produced so that equal 
quantities of positive and negative electricity are simulta- 
neously produced. This, is sometimes expressed by saying 
that all bodies are always electrified, and that the contact 
and friction, or contact and chemical action, produce 
merely a redistribution of electricity. 

§ 21. Electricity may also be produced by the simple 
pressure, or indeed contact, of tivo dissimiiar insulators. 
The electricity will be retained by the insulators after their 
separation This is tjreciselv .inalogous to the production 
of electricity by tlie contact of two conductors. 

§ 23. Certain minerals when warmed acquire an electric 
charge, differing in sign at different parts of the mineral ; 
thus, one end of a heated crystal of tourmaline will be 
positively electnfied, while the other is negatively electrified. 
This electricity is sometimes called pyro-electricity. Tlie 
phenomenon has not been much studied ; the electrical 
charge is probably due to a polarity in the structure of the 
tourmaline at different parts, which virtually makes in one 
crystal a system lik.e tiiat of a magnet having opposite pro- 
perties at ojjpo^ite ends. The electrica! phenomena pro- 
duced b) the contact of dissimilar metals are produced 
even nlien the dissimilarity consists merely in the difference 
of temper in one and the same piece of metal, A soft and 
a hard piece of brass wire behave as dissimilar metals, 
although their chemical composition may be identical If 
tliis view be correct, we may say that, wherever electricity 
l^ directly i>roduced, tt requires the contact of two dissimilar 
materials 

1} 23 The attractions and repulsions produced by elec- 
tricity have hitherto been spoken of as absolute, or as being 
produced under all circumstances; but if an uninsulated metal 
plate D (Fig. 14) be interposed between an electrified body a 
and the insulated suspended pith ball b all attraction or repul- 
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sion will cease, just as if the metal plate were opaque to the 
electric influence. If, however, the metal plate or screen 
be insulated {as in Fig. 15) it will increase the attraction or 
repulsion instead of destroying them. These two apparently 
different effects are due to the different distributions of elec- 
tricity produced in the two cases. 

Let A be electrified positively, and the plate d be uninsu- 
lated, then on Che side next a a negative cliarge will lie 
induced, diffused over a considerable surface ; the effect 
of this diffused negative charge is very tiearly to neutralise 
all attractions or repulsions due to a, on the farther side of 
the screen. The tnetal cap of the electroscope (Fig. 4) is in- 
tended to screen the gold leaves from inductive effects, and 
should not be insulated. The whole glass case should be 
coated with an open wire case for the same reason. 

When, however, the metal plate n is insulated the farther 





side of D becomes positively electrified as a was, the charge 
on the side n near to a and the charge on a nearly neutralise 
one another as before ; but the positive chaise on the far 
side^of I* 's thus left free to attract or repel, and the result 
is the same as if the body a haii been advanced in the direc- 
tion ofthe screen by an amount equal to the thickness of the 

We can now understand the reason why a Leydcn jar con- 

Hosteo bv Google 



26 Electricity and Magnetism. [Chap. 11. 

taining a very large quantity of electricity neither attracts 
nor repels light bodies in its neighbourhood. The effect of 
the more concentrated inner charge and more diffused outer 
charge is such that one precisely neutralises the other. This 
statement is here made as of a fact ascertained by experi- 
ment, It can also be theoretically demonstrated. 



CHAPTER rr. 



§ 1, The word Potential, introduced by Green, has only 
lately been generally adopted by electricians, and is still 
often misunderstood ; it expresses a very simple idea, and one 
quite distinct from the meaning of any other term relating 
to electricity. 

As already explained in Chapter I. § 7 difference of 
potential is that difference of electrical condition which de- 
termines the direction of the transfer of electricity from one 
point to another ; but electricitj' cannot be so transferred 
without doing work or requiring work to be done, hence 
the following definition. Difference of potentials is a differ- 
ence of electrical condition in virtue of which work is done by 
positive electricity in mouingfrom ike point at a higher potential 
to that at a loiver potential, and it is measured by the amount 
of work done by f/ie unit quantity of positive electricity when 
thus transferred. The idea of potential essentially involves 
a relative condition of two points, so that no one point or 
body can be said simply to have an absolute potential but 
for the sake of brevity. 

The potential ofa body or point is used to denote the differ- 
ence between the potential of the body or point and the potential 
of the earth. 

These definitions require considerable illustration before 
they can be fully understood. 
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Electrified bodies repel and attract one another, and by 
3 sliglit extension of language we say that a quantity of 
positive electricity attracts a quantity of negative, but repels 
a quantity of positive electricity. If, therrfore, we move a 
quantity of positive eleetricity towards another similar 
quantity we meet with a resistance capable of measure- 
ment, equal, for example, to the weight of so many grains. In 
overcoming this resistance work must be done, precisely as 
work must be done to lift a pound or a grain. The work 
done in moving a body from a to b is measured by the 
product of the distance multiplied into the force overcome ; 
if the weight of a grain be the unit of force and the footthe 
unit of distance, the unit of work will be the foot.grajn. . If, 
then, in moving a certain quantity of electricity from a to b 
we overcome a.resistance of ten grains through a space .of 
five feet we do work equal to fifty foot grains during the 
operation. On the other hand, the repulsion or attraction 
of electrified bodies tends to perform work; for the body just 
brooglit to B may be driven back to a by the force of 
electricity alone. In the one case, work is said to be 
done tipmt the electrified body in consequence of its electri- 
fication; in the other ease it is done by the electrified body 
in virtue of its electrification ; less accurately we might 
say the work was done by the electricity, or performed upon 
the electricity ; the measure of the work is the same in the 
two cases, which are analogous to letting a body. fall from 
the level a to the level b, and raising it up again from b 
to A. 

§ 3. An electrified body moving from one point to another 
may at one time require work done upon it in order to 
overcome the resistance; at another part of the journey it 
may pull in the direction it is going and then, work is done 
by it. I speak here only of the work done or required in 
consequence of the electrical condition of the body. 

The whole work which has been required in consequence 
of electrical attractions or repulsions to move it from any 



bv Google 



28 Electiicit)' and Magnetism. [Chap, II. 

point A to a.ny point e will be the algebraic surn of the work 
done by and done upon tlie electrified body, the first being 
called positive and the second negative work. 

Thus, if in moving the electrified body from A to B, we first 
have to overcome a resistance, and do work upon it equal to 
10 foot grains, whereas afterwards it pulls towards B, doing 
work equal to 30 foot grains, then in the whole passage 
from the point a to the point b the work done by the body 
may be said to be 2a foot grains; it is true that during one 
part of the passage it did more than this, but only after 
having required aid previously. 

The path followed in going from a to B will be a matter of 
iudifferencesofaras this total work done by or upon the body 
is concerned. We have a precisely analogous case in gravi- 
tation: abody of a pound weight in falhngfi-om a height of 40 
leet to a height of zo feet above the sea, will do necessarily 20 
foot-pounds of work in virtue of that fall, no matter what path 
it follows. We may lift it above a and do work upon it by lifting 
it before letting it fall, still the whole work done by the body 
in its passage from a to u and in virtue of that fall will be zo 
foot-pounds i it may fall by the most roundabout or the most 
direct road, the work done will be the same ; it may fall 
below the level of A, and bound up to A ; the whole sum 
of the work will be unchanged, depending merely on the 
difference of level between the first and second spot. This 
work may indeed be represented in various ways : thus, if the 
body fall direct through a vacuum the work appears in the 
form of what is called actual or kinetic energy ; that is to say, 
it is wholly represented by the motion of the mass. If, on 
the other hand, the body falls slowly, lifting another weight, 
the work will be represented partly by the weight lifted, 
partly by the heat due to the friction of the mechanism; but 
the work done by a body due to its fall from one level to 
another is constant in amount however various in form. 
The work done in overcoming electrical force or done by 
electrical force is subject to the siime law 
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§ 3. In moving a weight from a point A to a point b on 
the same level no work on the whole is cither done upon or 
by tlie body in respect of its weight ; and similarly in moving 
a small electiified body from a point a to some other point k, 
it may happen that the point b is so situated that on tlie 
whole no work is either done upon or by the body in re- 
spect of the electrical forces in action on the body- In that 
case the tivo points might be at the same electrical level 
or height, but the recognised term in respect of electrical 
forces is potential ; the points a and a are at the same 
potential. If our small electrified body, for instance, be 
moved round another large electrified body, neither ap- 
proaching nearer nor receding farther from it, and so far 
from all other conductors as nof to be sensibly attracted or 
repelled by them, it will pass along a path every point of 
which is at the same electric potential. 

In moving any actual body from spot to spot some work 
must always be performed to overcome friction, but as in 
moving a heavy body from one point to another, at the same 
gravitation potential or level, no work is required in respect 
of its gravitating properties, so in moving an electrified body 
from one point to another at the same electrical potential no 
work is required in respect of its electrical properties, 
although of course work will certainly be required to over- 
come friction and may be required in respect of gravitation 
if the body be raised or in respect of inertia if we accelerate 
the motion of the mass. 

§ 4. The potential of a body is the excess or defect of its 
potential above or below that of the earth in the neiglibour- 
hood — the potential of the earth at that point being arbitrarily 
assumed as nil. 

The potential increases in proportion to the increase of 
work done by any given quantity of electricity in moving 
from the point to the earth ; and since the potential is pro- 
portional to the work and to the quantity of electricity 
transferred, ajid to no other quantity, the potential of a point 
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is measured by the work which a positive unit of electricity 
does in passing front that point to the earth. The unit 
quantity of electricity might, so far as this definition is 
concerned, be chosen arbitrarily, but there is a certain 
convenience for many calculations in choosing the unit as 
defined in Chapter I. § 17. Every point everywhere may be 
said to be at a certain electric potential, just as every point 
everywhere may be said to be at a certain level above or 
below a datura line arbitrarily chosen, such as tiie Trinity 
higli.water mark. In speaking of the potential at a point 
it is as unnecessary to conceive of the presence of any 
electricity at tliat point as it is to think of the presence of a 
heavy body at a point when we speak of its height above 
the sea, 

§ 5. The electric potential at the point depends on the 
electrical condition of all bodies in the neighbourhood ; thai 
is to say, sufficiently near to exercise any sensible force on 
a small electrified body at the point. Moreover, in testing 
the equality of the potential at two points by the work 
done upon or by an electrified body in its motion from one 
point to the other we must remember to choose a body con- 
taining onlj a very small chaige of electricity which we 
will call the testcharE-e, otherwise the mere presence of 
this test body or test charge of eleLlricitj would sensibly 
change the potential at the point at which it w^s it the 
t me of the experiment increasmg or decreasing for the 
time being the work which must be done in order to 
bung anj other small qiantity of electricity to that point. 
At first It mieht aj pear as if the analogj of t,raMtati n 
icicrted us here but that is not so, for if I say that 
trto points A and B shall relatnel) to the earth be it 
the same level when no work is done upon or by a 
heaiy bodj m passing from one to the other I must 
remember that m placing a heavy body at the point A, I do 
change for the time the gravitation level of that point if the 
body be of sensible size compared with the earth; for it& 
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presence at a has increased the attraction of all other heavy 
bodies to a, so that for the time being a small weight 
passing from A to B would do work ; die position of the 
centre of gravity of the <;arth having been changed. 

§ G. The differefice of potential between, two points a and b, 
being the difference of condition in virtue of which elec- 
tricity does work in moving from one to the other, is measured 
by the work required to move a unit of electricity against 
electric repulsion from a to e, or, what is the same thing, 
it is measured by the worl? which a unit of electricity would 
do while being impelled from n to a. 

The point a is said to have a higher potential than 
s if a unit of positive electricity in passing from a to b 
performs work. It is assumed that the unit of electricity 
does not disturb the distribution of electricity in the neigh- 
bourhood. 

The conception of the work which must be done upon or 
by electricity in passing from one point to another must 
be grasped as the only idea which can explain difference 
of potential. When bodies are spoken of as being in the 
same electrical condition we mean that they are at the same 
potential. Difference of potential can therefore be expressed 
in foot grains or any other recognised unit of work. 

In this paragraph the work is spoken of as being done by 
the unit of electricity simply to avoid the awkward periphrasis 
' done by a small electrified body chained with one unit of 
electricity' and 'done in consequence of the electric charge 
only.' That is to say, it is the extra work which must be 
done in moving the body from the one place to the other in 
consequence of its being electrified. 

§ 7. Let us apply our definition to special cases. First, 
take an electrified conductor on which electricity is at rest, 
having assumed that distribution which is determined by 
its own shape and the shape and position of neighbouring 
conductors. All points on the surface of such a conductor 
are at the same potential. If any one point a were at a 
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higliei potential than another e, the electricity at a would 
as surely run to b as a weight would fall from a higher level 
to a lower unless resisted by some force ; whereas, on the 
conductor there is no impediment to the free motion of 
electricity. One end of the conductor may be positively 
electrified, the other end negatively electrified ; the centre 
may have no sensible charge as in the body b, Fig. 6 ; never- 
theless all points of the surface are at the same potential, for 
I might move any little electrified body all over the surface 
without its being retarded or impelled in any direction by 
electrical forces. All points in the interior of the conductor 
are also at the same potential as the surface, although no 
chj)rge of electricity is ever found at any internal point 

The little test cliarge of electricity, when introduced into 
any cavity in the interior of a body, would be equally ready 
to move in all directions, and would be in perfect equili- 
brium. At first it might seem that inside or outside the 
body a unit of positive elec- 
^'^ '^ tricity a (Fig. 16) would be 

^^ altricted by diat end N of the 
j» conductor N P which was ne- 

Jlf^^ gitiveh charged, and would 
be repelled by the other end p ; 
but m thmking thus we forget the mfluence of the external 
neighbouring conductor m, which has already produced 
the arrangement of the charge upon n p. The test charge, 
wlierever applied, will not tend to move in one direction 
more than anotlier, but to subdivide itself over die large 
conductor n p, in the same manner as the original charge 
is distributed. 

§ 8. Let us next consider the space round a charged con- 
ductor, this space being necessarily filled with air or some 
other insulator. First, conceive the conductor to be uni- 
formly charged with one kind of electricity, as a sphere might 
be in the centre of a spherical room (Fig. 17). Then the 
space close to the sphere would be very nearly at the same 
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potential as the sphere, for our test charge of electricity 
would do very little work in moving up to the sphere if 
nttracted to it, and would require little work to be done 
upon it to move it up to the sphere against the repelling 
force. Let us conceive the potential of tlie sphere to be 
positive and the test charge positive also. Then the 
potential of the space round the sphere falls, or becomes 
Jess positive as we recede from the sphere. The work 
required to bring the test charge to the 
ball increases as it is lemoved farther _^''' 

and farther from the ball, although the 
force with which it is repelled dimi- 
nishes. Again, the case is analogous 
to that of gravitation. The work which 
a body will do falling to the earth in- 
creases as the height increases from 
which it falls, although the attraction 
between tiie earth and the body diminishes as it recedes 
from the earth. 

§ 9. As the test charge approaches the wall of the room 
surrounding our positively charged sphere, it approaches a 
negative charge of electricity, and is more and more attracted 
by it; this attraction further increases the work required to 
bring the test charge back to the electrified sphere, and the 
potential falls faster and faster. The fall continues until the 
test charge touches the wall of the room, which is thus shown 
to be necessarily at a lower potential than the charged 
sphere. Had we begun with a negative charge on the 
internal sphere, we should have found that the wall of the 
room would have been at a higher potential than the sphere. 
Thus we find that there is a necessary difference of potential 
between the inner and outer coating of a Leyden jar, or 
generally that any two conductors between which induction 
is taking place must be at different potentials. 

The potential diminishes gradually from the internal sphere 
to the surrounding conductor, and all concentric spherical 
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surfaces will be at one potential, i.e. we might, so far as 
electrical forces are concerned, without doing or receiving 
any work, move the test charge all over any concentric 
spherical surface, indicated by the lines^i,/2,^3, in Fig. 17. 
Whatever be the shape of the internal electrified body, I 
may conceive in the dielectric surrounding it equipotential 
surfaces of this kind, the form of which will depend on the 
form of the internal and external conductors. 

We may further conceive successive equipotential surfaces 
separated by such distances that the same amount of work 
would be done by the test charge in moving from any one to 
the next. An equal amount of work would be required to 
move the test charge back from any one of these surfaces to 
that adjacent to it and at a higher potential. 

§ 10. Consider the more complex case of a body charged 



partly with positive and partly with 



tj b 




gram (F g 
Very 

condu 

dielectric will be sensibly the sam 
IS nothing here to indicate whe 
positive or negative relatively t 
conductor b; but receding trom 
of the space falls, whereas, as we 
rises ; again, receding from d to 
potential falls, but as we pass fr 
potential rises, so that close to b ti 
at all points, but whether higher 
is nothing in the diagram to tell 
are deduced from the simple cone 
to move our imaginary test charge 
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can any simpler conception be suggested. We see from the 
above diagram, that a body charged with negative electricity 
might have a positive potential relatively to a point charged 
with positive electricity, and vise versA. For the body a 
may all be at a positive potential relatively to the body e, 
notwithstanding the fact that the part a of this conductor 
is negatively charged while some point of b, such as b, is 
positively charged. 

§ 11. The charge induced between two opposed con- 
ductors separated by a dielectric, implies a difference of 
potential between the conductors as shown above. More- 
over, as the difference of potentials increases, so must the 
induced charges increase, for in order to make it more and 
more difficult to move the test charge from one surface to 
the other, the repulsion from one side and attraction to the 
other must increase, and this additional attraction and 
repulsion can only be increased by increasing the quantities 
of electricity. On the other hand, so long as the difference 
of potentials between the surfaces remains constant the 
charge on the opposing surfaces must remain constant; both 
potentials may rise and fall together, but the constant 
difference of potential implies a constant internal charge. 
An example will make the meaning of this statement clear. 
Suppose an ordinary Leyden jar to be charged with negative 
electricity and to have its outer coating in connection with 
earth. The potential of the inner coating will be negative, 
relatively to the earth; and calling the potential of the earth 
zero, as is usually done for brevity, we may, as stated in 
§ 4, simply say that the potential of the inner coating of our 
jar is negative. There will be a positive charge of electri- 
city on the inside of the outer coating of the jar equal to the 
negative charge within. 

Insulate the outer coating, and electrify it with a positive 
charge. Its potential will be raised, but the potential of the 
inner coating will be raised by a like amount The negative 
charge will remain inside the jar undisturbed in amount ■ 
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opposite to it will remain the positive charge on the inner 
side of the outer coating, the only change being that on the 
outer side of the outer coating we have now a positive 
charge. The effect of this additional positive charge mil be 
to increase the work required to bring our test charge from 
a distance up to the jar, or to any point inside the jar, i.e. 
the potential both of inside and outside and of all adjacent 
points has been raised. 

§ 12. Next, suppose that two jars (Fig. 19), having their inner 
coatings in electrical connection, are 
charged with negative electricity, the 
outer coatings being uninsulated, i.e. 
at the potential of the earth. The 
potential of the inner coatings will 
be negative, and if the two jars are 
equal in aE respects, the negative 
charge in each will be equal. In- 
sulate jar A, and increase the poten- 
tial of its outer coating by electrifying it positively. The 
negative charge will now redistribute itself between the two 
jars. 

The potential of the outer coating of b remains constant. 
The potential of the inner coatings of A and B must be 
uniform throughout, since they are in metallic connection. 
Their potential as a whole will be somewhat raised, but 
not so much as that of the outer coating of a ; hence the 
difference of potentials between the coatings of a, will have 
been increased, and its internal chaise will have increased, 
and this will have occurred at the expense of b, where the 
difference of potentials between the inner and outer coatings 
will have diminished. 

5 13. If one coating of any Leyden jar be kept at a 
constant potential, such as that of the earth at the spot Is 
generally assumed to be, the quantity of electricity which 
the other coating contains is simply proportional to its poten- 
tial, a fact determined by experiment Thus, if I have the 
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means of producing a constant potential, or rather a constant 
difference of J)otential, from that of the earth, I shall also 
have the means of collecting a constant quantity of electri- 
city. The charge assumed by any insulated conductor inside 
a conducting envelope, however far remote, is simply propor- 
tional to the difference of potentials between the envelope 
and m'Julatcd conductor, and as a limit ne m-iy saj thit 
the charge on iny insulated conductor, when there are no 
electnhed bodies in the neighbourhood is simply propor 
tional to the potential of the conductor that i-. to say, 
the diTerence of if; potential from that of the earth The 
force It c\erts is proportional to the quantity, and the nork 
required to overcome that force is proportional to the 
force 

5 14 In a Lejden jar it is immatenal «hn,h of the 
coatings IS in connection with the 
earth, or whether either of them be Fia jo. 

so Connection with the earth is 
merely a device for keepmg the po 
tential of that particular coating con 
stant, or neirly so, by mamtainm^ it 
in connection with a \ ery krge con 
ductor Thus, the mner coating ot i 
jar when m connection with the earth, 
will take a negative charge if the outer 
coating be positively electrified, and 
the difference of potentials being the 
same, this charge will be preciselj die 
same m amount as if the outer coating had been m con 
nection with the earth and the inner coating had been 
directly electnfied h\ negative electriaty 

5 15 Let us consider the construction of electroscopes 
by the h^ht of the knowledge we h-i\e now acquired, for 
instance, the gold leaf electroscope, Fig zo 

The repulsion between the two gold leaves a and l> de- 
pends on the quantity of electricity with which they are 




bv Google 



38 Electricity and Magnetism. [CiiAP. ii, 

cliarged. But upon what does this quantity itself depend ? 
Merely on the difference of potential between the gold leaf 
and the conductors c and d immediately surrounding it. 
When the gold leaves a and b are connected with the 
electrified body a to be examined, a b and a assume 
the same potential; then the quantity of electricity ac- 
cumulated on the gold leaf depends on the difference 
of that potential from the neighbouring conductors c 
and d-. let c and d be insulated, and at the same poten- 
tial as A, then, no matter how much electricity there 
may be on a, none will come to a and b, and no diver- 
gence will occur in the leaves. In the ordinary construc- 
tion of electroscopes, some parts of the surrounding con- 
ductors c and d are glass, and their potential depends on 
conditions over which we have no control ; c and d should 
be in a metal case with openings, to allow a and 6 to be seen ; 
for instance, a wire cage round glass, the meshes of which 
approach sufficiently near to keep the whole surface of Che 
glass at one potential ; then, if c and d be in connection with 
the earth, a and b vnW be charged with electricity whenever 
there is a difference of potential between 
Fic, ai. A and the earth. Exactly similar reason- 

ing applies to the Peltier electroscope. 
Fig, 2J. In this instrument instead of 
the gold leaf we have a rod a b, free to 
move on a vertical axis v, and repelled at 
each end by a fixed conductor ^ d in 
electrical connection with it, but placed 
on an insulating support d; the rod is 
directed by a small magnet m n; the in- 
strument is so placed that when c d has 
> charge of electricity, the magnet places 
the rod just clear of these fixed conductors 
e and d ; then when B with a b are all charged with electricity, 
the rod abh repelled until the force of electric repulsion is 
just balanced by the directing force of the magnet. The 
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force depends on the quantity of electricity on tlie rod and 
balls, btit this quantity is proportional to tlie difference of 
potential between the system v, c d, &c., and the enveloping 
conductor a, which is not shown in tiie drawing but which 
encloses the whole insulated system -s. c d. This electroscope, 
therefore, liie the preceding one, and like all others, indi- 
cates difference of potential by means of the quantity 
which that difference causes to accumulate on an insulated 
conductor. 

In the instruments usually made there is a divided ring to 
show how far the rod a b \% deflected. The instrument 
indicates more conveniently than the gold leaf electroscope 
whether a given potential be higher or lower than another; 
but inasmuch as the deflections are not proportional to the 
difference of potential between a b and the case A, and are 
not even connected by any simple law with this difference 
of potential, the Peltier electroscope cannot be used to 
measure difference of potentials, i.e. to compare two poten- 
tials or differences of potentials accurately, so as to allow us 
to say that one is distinctly two, three, or four times as great 
as another. For this purpose we require much more com- 
plex arrangements, electrometers or instruments in which 
the attractions and repulsions produced by given differences 
of potential between the parts can be calculated definitely. 

All electrometers measure directly differences of potentials, 
and measure quantities only indirectly. 

§ 16, If two electrified conductors a and b, which are 
at the same potential, be joined by a wire, no disturbance 
in the electric distribution on the system will take place, 
unless indeed the wire be of sensible size relatively to the 
other conductors, and at a different potential ; but, assum- 
ing the wire to be small, or at the same potential as a and 
B, the electricity on the bodies after being joined will be in 
equilibrium as before, the necessary condition of equality 
of potential throughout being satisfied. If, on the other 
hand, a be at a higher potential than n, positive electricity 



bv Google 



40 Electricity and Magnetism. [Chai'. rr. 

iiu&t wl en tlie conni-cuoi li mide flow trom a to P t"> 
re establish elettr t, equLlibnum Ihe amount of the elet 
triuty thus translerred must te such as will res ore tic 
ci\ ilibrium , it mil be great when the difference of potei 
tial js great and w he i the size of the bodies is lai^e and 
small under the opposite conditions The existence or 
continuance of the flow of electricity from one point to 
another depen is solely on the ditterence of potential 
betneen the points The magn tii1e of the conductors has 
only one influence in the result by re jumng that a larj,er 
qu intitj ot electricity shall flow to re cstabl sh equilibrium 
We may illustrate this by an experiment witii water. If we 
join two reservoirs of water, big or little, by a pipe, no 
flow takes place from one to the other if the surfaces of 
the water in both are at the same level. If they be not, 
the flow will take place from the higher to the lower ; the 
quantity of fluid transferred depends on the capacity of tlie 
reservoirs and original difference of level; it continues 
until the level is the same in both. .Substitute potential for 
level, electricity for water, conductor for reservoir, and tlie 
above statements are all true for electricity. 

§ 17. If I put one end of a wire in connection with the 
earth and the other at a point x in the air {which may 
be at a very high potential) no electricity flows through 
my wire from the point to the earth, simply because at 
the point in question there was no electricity to flow, its 
capacity and charge being zero ; but the potential of the 
point will have been changed by the mere presence of the 
wire to that of the earth. For this purpose, while the 
wire was approaching the point, a redistribution of electri- 
city on its surface has been going on under the influence of 
the induction to which the potential of point x was due. 

If the wire has a sharp point so that a very small quantity 
of electricity will produce a great density, electricity will 
actually flow from the air to the earth; successive particles of 
air negatively charged will fly from the point, and be replaced 
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by particles of air positively diarged, each of which will be 
dischM'ged through the wire. If the potential of the point 
be sufficiently high the phenomenon is accompanied by noise 
and a brush of light. Alighted match on the end of the 
wire also allows the transfer of electricity to take place; the 
burnt particles fly off with the charge of one sign and the air 
about to be burnt brings electricity of the other sign to the 

§ 18. By definition the difference of potential was de- 
clared to depend on the work done by or upon electricity 
in moving from one point to another. The nature of the 
work done by or to a quantity of electricity moved on a 
conductor by or against a force of attraction or repulsion is 
clear enough — a tangible force is used or overcome ; a solid 
body is either put in motion, or its motion is resisted; but 
when electricity moves along a wire from a body at one po- 
tential to a body at another, no solid body is moved at all, 
and no equivalent work appears at first sight to have been 
done. The equivalent is found, however, in heat generated 
in the wire by the passage of the electricity. It is well 
known from the research of Joule that 772 foot-pounds of 
work are equivalent to the quantity of heat which raises i lb. 
of w.iter 1° Fahn, and although no visible mechanical work is 
done, where a quantity q of electricity passes along a wire from 
A to B, heat is generated precisely equivalent in amount to 
the work which the attractions and repulsions of the elec- 
trified bodies a and b would have done when acting upon 
the same amount of electricity Q, conveyed on a small 
moving conductor from the body a to the body b. We 
shall find that electricity in motion is capable of doing 
work in other ways, but in whatever way work or its equiva- 
lent is produced by electricity moving from a to b, the amount 
will always be equal to the quantity of electricity transferred 
multiplied into the excess of potential of a over e. 

§ 19. Difference of potential may be produced by mere 
induction. A small insulated conductor placed at any point 
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in space where, owing to the neighbourhood of electrified 
bodies, the potential was x, will itself assume tlie potential x, 
without losing or gaining any electricity. Then if this body 
be connected with the earth, electricity will ilow from tlie 
body to or from the earth sufficient in amount to bring 
the body to the potential of the earth ■ if a: be positive the 
current ivill 1 e to the earth if x be negative the current 
will be from the ea th to the bodj 

§ 20 Difference ot potential is produced by friction 
between insulators followed by separation Tno insihtors 
rubbed against each other become oppositel) charged, 
and there is a difleience of potential betn..Ln them It 
is probable that for each pair of ubst'inces rubbed to- 
gether there is a certain max mum difierence of pottntia! 
which cannot be exceeded The list ahead) given Chapter 
I. § 9, showing the order in which some materials stand, so 
that each becomes positive when rubbed by any of the sub- 
stances placed after it, necessarily shows also the order in 
which materials must be 1 d I h ' hi 

or rubbed by another fol g h p 

the former may become 
latter. Moreover, a gre d ft 
duced by friction betwee b ta p h 

than between substances 

possible that the law w p 

enunciated for conduct© d 

lators. 

§ 21. When two dissin d h ot , 

a difference of potential is produced between the conductors 
charging them, as mentioned Chapter I. § 19. The dif- 
feience oT poten'da'i is constant witn constant materials, i.e. 
copper and zinc at a given temperature touching one another 
are invariably at potentials differing by a constant measurable 
amount. Thesame may be said of anytwo metals. Moreover, 
all metallic conductors may be ratiged in a list, such that any 
one of them in contact ivith any of the conductors later in [he 
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list M'ill have a potential positive relatively to that conductor. 

Moreover, calling these bodies a b c d, &c., the difference 

of potential between A and c is equal to the dilference 

of potential between a and b added to the difference of 

potential between B and c, or generally if these bodies were 

all in contact one with another in the order a b c d . . . n, 

&c., and if we call a b c d . . . n, &c., the potentials of 

these bodies, a — n = {a — b) ■\- {b - c) + (<■ — ^) 

. . . ■\- {m - n). Thus if three 

bodiesbeincontact,asinFig. 22, '^"'' " 

the difference of potential between r-- — — r- ■ . — 1 

, , , , , Sold \Copper\ Zinc 
tlie ends A and e may be calcu- ^ ' ' ^ 

lated from the two end metals 

only ; in the example given, it does not matter what the 

difference of potentials between gold and copper alone 

would be, for call that a, and call the difference between 

gold and zinc c, and that between copper and zinc b, then 

{a — b) -\- {b — c) =^ a — c, as if gold and zinc had been 

directly in contact. It may be stated quite generally that in 

any series of metallic conductors thus placed in contact, the 

difference of potentials between the ends depends on the 

extreme conductors of the series. The following is a list of 

conductors, ranged in such an order that each becomes 

positive when touched by those which follow. Zinc, lead, 

tin, iron, antimony, bismuth, copper, silver, gold. The 

earlier metals on the list are called electropositive to those 

which follow. The exact relative differences of potential 

have as yet been experimentally ascertained only in a few 

§ 22. It is believed that all compoimd solid bodies which 
are conductors behave in the same way as simple metallic 
conductors so far as the production of a difference of poten- 
tial due to mere contact is concerned, and this is certainly 
the case in many instances. Liquid conductors also appear 
relatively to one another to form a series of the same kind. 
But compound liquids and solids do not admit of being 
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arranged relatively to one another in tlie simple order 
described as applicable to metals. 

This difference between the compound liquid and the 
simple metallic conductor, appears to be intimately con- 
nected with the fact, that electricity in passing through these 
compounds decomposes them, a phenomenon to be more 
especially described hereafter. The compounds which are 
thus decomposed arc called electrolytes. The following 
series of phenomena occur when metals and electrolytes are 
placed ii 





I. When a single metal is placed in contact with an elec- 
trolyte, a definite difference of potentials is produced between 
the liquid and the metal. If zinc be plunged in water, 
the zinc becomes negative, the water positive, as in Fig. 23. 
Copper plunged in water also becomes negative but mudi 
less so than zinc. 

3. If two metals be plunged in water (as copper and zinc, 
in Fig. 23}, the copper, the zinc, and the water forming a 
galvanic cell, all remain at one potential and no charge of 
electricity is observed on any part of the system. (It may be 
proper to remark h t th tatenient is in direct contradic- 
tion to the popul mp n ) If the copper and zinc had 
been joined by a n et 1 th j w Id havt assumed the same 
difference of pot nt 1 f direct contact. If a piece 
of copper be no ] d tl zinc (as in Fig. 23^) c wil! 
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become positive and d negative, tlie difference of potentials 
being that due to the direct contact between c* and z only, 
the ivater having the effect of simply conducting the charge 
from z to c, and of maintaining c and z at one potential. 

3. If a series of galvanic cells be joined (as in Fig. 13), 
there will be a difference of potentials between the first 
copper and the last zinc equal to the sura of the differences 
produced by the two joints between zinc and copper; or, 
taking the difference of potential which a single junction can 
produce as on-i unit, the arrangement in Fig. 13 would give 
a difference of potential = 2 ; but if we join another piece 
of copper to the last zinc, this extra piece of copper will 
differ in potential from the copper at the other end by the 
amount 3. This is Volta's theory of the galvanic battery. 
The difference of potential produced by these arrangements 
is so small that its direct observation presents considerable 
difficulty until a large number of galvanic cells be joined in 
series, when they will be found to be capable of producing 
a differe ce of potentials which can 1 e indicated by electro- 
scopes It will be observed that the electrol}te is an 
essential element of the series for we cannot accumulate 
difference^ of potential by simply jo ning metals m series, 
the ditterence which anj series produces be ng s mply the 
same as if the first an i last metah were in contact The 
electroh'te behaves as if it tended to produce no diffe- 
rence ot potentials when in contact vith metals and Volta 
believed that t did not We kno ^ that t does but its 
^pparent pass vity when two metals are pi nged into it in- 
stead of one IS proved by the folloiving experiments 

Place a metal disc E (Fig ->4) under a light suspended 
flat stnp of metal or needle a, maintained at a high positive 
potential by connection with a highly charged Leyden 
jar D. When the disc is of uniform metal the needle a is 
not deflected to right or left by the presence of e. A charge 
accumulates on a and b when they are brought close, but 
the charges are symmetrically distributed relatively to a, so 
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that A is simply attracted to b and does not tend to turn 
round on the axis or suspending wire e. But if the disc b 
be made of two metals, such as zinc and copper, with their 




junction placed under the needle a, this needle no longer 
remains in equihbrium, but deflects towards the side on 
which the copper is placed, showing that now the charge on 
B is not symmetrically distributed but that there is a greater 




miiuced chaige on the cnpper than on the zinc This 
c\n onlj be due to tiie fact that there is a greater 
difference of potential between the needle and the copper 
than between the needle and the zinc , in other word-;, there 
is a difference of potential due to contact between the zinc 
and copper, the zinc being positive relatively to the copper. 
If the potential of a be negative instead of positive the 
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deflection will be in the opposite direction. The two half 
discs may be separated from one another by a narrow open- 
ing as in Fig 5 Th dl 11 lot deflect if the two 
halves are of 1 n tal I 11 deflect to a definite 
amount if tii d f d ff t metals but in metallic 
connection by and th d fl ton. d will, when a is 
positive, be a b f fr 1 zu t the copper, if these 
are the met 1 [3 y d f d e,. In making this 
experiment care must be taken to ensure that the half discs 
are symmetrically placed on the two sides of a, otherwise 
deflections occur due to charges induced on the two sides 
of A even when b and b, are at one potential. If when the 
potential of A is reversed being made alternately+ and — to 
equal amounts, we obtain equal deflections in opposite direc- 
tions, we may be certain that this symmetry is attained. 
Let two such half discs of copper be carefully adjusted 
under a ; when these are joined by metallic contact there 
should be no deflection however high the potential of a may 
be. Then connect the side B with the copper pole of a gal- 
vanic cell, and the side Bj with the zinc pole {Fig. 25); the 
needle a will deflect towards the side b, which is in connec- 
tion with the zinc pole, and the amount of the deflection wfll 
correspond to the same diff"erence of potential as that 
already observed as due to the simple contact of zinc and 
copper. Remark that, whereas in Fig. 34 a was attracted to 
the cofper half disc it is in Fig. 25 attracted to the half 
disc in connection with the zinc. We know from the first 
experiment that the junction m has made the zinc in the 
water positive and the copper above m with the half disc Bi 
negative. We find that the copper c and the half disc b are 
positive to just the same extent as z must be, and therefore 
conclude that the water has simply brought the copper strip 
and disc b to tbe-potential of the zinc The experiment is 
a delicate one, and it can hardly be said to be proved that 
the difference of potentials between b and b, is exaetly 
equal to that produced by the simple metallic contact of 



bv Google 



4S Electricity and Magnetism. [Chap. il. 

zinc and copper ; there may be a slight difference due to the 
liquid, and different liquids may possibly augment or decrease 
this small difference. Another experiment, hitherto un- 
pubhshed, still more strikingly proves the Voltaic theory. 
When the two half discs of copper and zinc {Fig. 24) are con- 
nected bya metallic wire, it is impossible to find any position 
of A such that a reversal ofits potential does not cause a de- 
flection, and if a is in a symmetrical position relatively to those 
discs a reversal of the potential of a will always give equal 
deflections to right or left. When this symmetrical position 
has been found connect the zinc and copper by a drop of 
water instead of by the metallic wire. The needle A will 
remain undeliected in its central position whether its poten- 
tial be high or low, positive or negative. The two half discs 
of different metals behave as if they were of one and the 
same metal in metalHc connection. This experiment, which 
has been carefully made by Sir William Thomson, appears to 
be absolutely conclusive. The surface of the metals should 
be polished and clean, for the experiment will not succeed 
if they are tarnished. Oxides on the surface of the metals 
introduce complex actions. 

The reason why the erroneous statement has so long 
remained unchallenged undoubtedly is because whenever 
the two poles of a galvanic cell are connected with electrodes 
or wires of one metal, as in at least nine hundred and 
ninety-nine cases out of a thousand they are, the difference 
between the two electrodes or wires really is what it has 
always been supposed to be. Thus the difference of poten- 
tial between the two copper wires attached to the zinc and 
copper of a Daniell's cell is that which has hitherto been 
generally attributed to the zinc and copper plates of the 
cell. 

§ 23. The property of producing a difference of potential 
may be said to be due to a peculiar force, to which force 
the name of electromotive force is given. When we say 
that zinc and water produce a definite electromotive force, 
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we mean that by their contact a certain definite difference 
of potentials is produced. A series of tlie galvanic batteries 
or cells {Chapter I. § 16) produces a definite electromotive 
force between the terminal metals plunged in the solution 
whicli, if the law above stated held good, would depend on 
the metals only and not on the solution employed. This, as 
stated in the last section, is approximately at least found to 
be true. The electromotive force of a cell or the difference 
of potentials between the metai poles or eledrodes, as they 
are often called, is constant so long as constant metals and 
a constant solution are used. The words ekdromotive force 
and difference of potential are used frequently one for die 
other, but they are not stricdy speaking identical It must 
be remembered that electromotive force is not a mechanical 
force tending to set a mass in motion, but a name given to 
the supposed force which causes or tends to cause a transfer 
of electricity. Wherever difference of potential is found 
there must therefore be an electromotive force ; but we shall 
find (Chapter III. § 22) that there are cases in which electri- 
city is set in motion, from one point to another, between 
which that difference of condition does not exist which we 
have defined as difference of potential. Electromotive force 
is therefore the more general term of the two, and includes 
difference of potential as one of its forms. 

§ 24. The electromotive force exerted between two dis- 
similar metals is altered by every change in their temperatures, 
but the connection between the cliange of temperatures and 
the change of electromotive force has not been thoroughly 
investigated. Two parts of one and the same body at 
different temperatures are probably always at different 
potentials. This has been verified only in certain cases, as 
in the crystals of tounnaline. 

§ 25. Electromotive force may also be produced by 
electricity in motion, and by magnetism in ways which we 
cannot even describe, until the simpler phenomena of 
electricity in motion and of magnetism have been described ; 
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but it may !>e said generally tliat all causes whidi have the 
power of altering the distribution of electricity can produce 
electromotive force or difference of potential. Every source 
of electricity must as such be able to produce a difference of 
potential ; since no charge of electricity whatever can be 
ml bl th d ff f p t ntt 1 b 

tl h g d b ly i th 1 ghb ng 

d t Fn b t It f d p d 



f g llhglyfl d b mall 

Ohlhdwlenl d Igth I 

11 U 1 ost !> h g d 1 1 t th 

m m p 1 p d d 1 pmg b> 1 m 1 

q y f 1 y h th 

q tity d 1 p d by fn tl n fr m I nt f It 
IS so bmall that if it be aliened to difluse itself over a large 
conductor the potential of the conductor will be very httle 
raised. For instance, if we connect a brass ball of a few 
inches diameter with the conductor of a frirtional machine, 
a few turns of the machine raise its potential so much tliar 
its mere approach to the knob of an electroscope will cause 
the gold leaves to diverge. If we touch the same ball with 
one electrode of a galvanic cell, the other being connected 
with earth, the brass ball will indeed receive a chaige, but its 
quantity will be sn small and its potential so low that mstru 
ments to detect it must be perhaps a thousand times more sen- 
sitive than any I have yet described. But if we connect the 
conductor of a very large condenser or Leyden jar with the 
galvanic cell, we shall communicate to it such a charge that 
although its potential would be insensible on the electro- 
scopes hitherto described, its quantity is such that it would 
sensibly heat a wire in its escape to earth, and would produce 
many other effects which could not be obtained without 
the greatest difficulty from the same Leyden jar charged by 
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a frictional machine. A frictional machine charges a small 
Leyden jar with a much greater charge than could be obtained 
in the same jar even from 1000 galvanic cells ranged in series 
as in 5 16. 

§ 26. Difference of potential or electromotive force must 
be measured in terms of some unit adapted to measure 
work. Every unit of work must be represented by the 
operation of a force overcoming a resistance so as to move it 
through a distance ; or, what is the same, it may be repre- 
sented by the resistance overcome and moved through a dis- 
tance. In other words, the unit of force exerted through the 
unit of space is the unit of work. The most common unit 
of work is the foot-pound, being the weight of a pound over- 
come so as to be lifted through the distance of a foot, but 
the so-called absolute unit of work is that which leads to 
greatest simplicity in electrical calculations. This unit is the 
absolute unit offeree (Chapter I. § 17) overcoming a resist- 
ance through the unit distance, say one centimetre. The 
absolute unit of work (centimetre, gramme, second) is equal 
to the foot-pound divided by i^fiiS g, where^is the velocity 
acquired at the end of one second by a body falling in vacuo : 
taking this as 981 centimetres per second the absolute unit 
of work is equal to the foot-pound divided by 13,562,325. 
The unit difference of potential or electromotive force in 
electrostatic measure exists between two points when the 
unit quantity of electricity in passing from one to the other 
will do the unit amount of work. 

The practical measurement of the difference of potentials 
between two points can in certain cases be made by observing 
the work done by definite quantities of electricity in passing 
from one point to the other; thus we may observe the total 
amount of heat generated in a wire by a given quantity of 
electricity passing between two points kept at a constant 
difference of potentials. From the heat we may calculate 
the work, and from the heat and quantity we may calculate 
the difference of potentials. [Similarly, if we wished to 
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ascertain the difference of level between two points we might 
let a weight {a standard quantity of matter) fall from one to 
the other, measure the total heat generated by the concus- 
sion which brought the weight to rest, from the heat deduce 
the amount of work done, and from this work and the known 
quantity of matter, deduce the difference of level or of 
gravitation potential. Fortunately there are more direct 
methods available or engineers would have some difficulty in 
levelling.] 

Dilference of electric potentials is more generally ascer- 
tained indirectly by a knowledge of the laws connecting 
potential with other electrical magnitudes. Thus we know tha-, 
the quantity of electricity with which two opposing surfaces 
of conductors are charged is simply proportional to the 
difference of potential between them, assuming the distance 
and dielectric to remain constant. Electrometers afford us 
the means erf comparing such quantities as these, and there- 
fore electrometers (as shown in § i6) afford us the means 
of comparing differences of potential. The measurement 
of currents and of resistances to be described in the follow- 
ing chapters give other means of comparing differences of 
potential. 



CHAPTER III. 

CURRENT. 

5 1. Electricity has already been frequently spoken of as re- 
distributing itself over a given conductor, or moving from one 
conductor to another along a wire, and we may with propriety 
speak of the currmt of electricity by which the redistribution 
is effected. Bodies along which electricity moves acquire, 
so long as tlie motion lasts, very singular properties, and in 
order to avoid cumbrous phraseology the properties which 
are actually observed as belonging to the bodies through 
which a current of electricity flows, are spoken of as the 
attributes of the current of electricity itself. Some of the 
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properties of electric currents are most conveniently observed 
in long uniform conductors, such as wires, along which the 
flow takes place in one simple direction. Currents in wires 
will chiefly be spoken of in the first instance, although 
identical properties are possessed by currents moving in any 
manner through bodies of any fonn. The direction of a 
current is assumed as the direction from the place of high 
potential to the place of low potential; in other words, it is 
the direction in which positive electricity flows. Thus, 
to recur to our earliest definition of positive and negative 
electricity, if one conductor A be electrified by contact 
with a stick of glass which has been rubbed with a resinous 
niatcriEd, and another conductor b be electrified by contact 
with the resin used to rub the glass, then upon joining a 
and B, a current of positive or vitreous electricity will flow 
from A to B until they are brought to the same potential. 
By using two large conductors A and b, or two Leyden jars 
of large capacity, and electrifying them with a frictional 
electrical machine of considerable size to a high potential, a 
considerable quantity of electricity may be accumulated on 
A and B, and a considerable current will flow from a to b, 
when they are joined. 

§ 2. A current of electricity thus produced will be transient, 
and even while it lasts it will not remain con- 
stant, for dur ng its continuance the diflerence 
of potentials producmg it will continually 
diminish ; indeed if the above were the only 
manner of producing an electnc current, «e 
might still be ignorant of its peculiar proper 
ties. When plues of zun, and copper not 
touching one another are plunged in water 
ami the copper is then joined to the zmc by 
a wire outside the water a current flows from the copper to 
the zinc along tl e wire and from the zinc to the copper 
through the water Accordiig to the theory of the cell 
explained in the la^t chapter the znc when it touched 
the copper became posniv ^nd tie copper negative the 
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electricities being separated at i 
there being no opposition to thei 
water, the current flows in the dii 
cence of the current is shown b 
be joined by a long copper wire, 1 
properties as if it joined two larg 
opposite kinds of electricity. Thi 
in 5 (\ and tlie rest of this chapter, 
§ 3. The transfer of electricitj 
performance of work or its equiv; 
implies a source of power, orinoth 
of energy. Tlie mere contact of 
cannot be a source of power. ] 
current flows the water is decon 
formed. This chemical reaction 
t!ie oxygen leaves the hydrogen 
the zinc, for which it has a gree 
consumed in the process, as coal i 
while combining with the oxygei 
of power is accurately describee 
energy of a given weight of zinc ; 
that of the hydrogen gas and oxic 
combination, the difference is eqi 
the current of electricity produce( 
current is therefore proportional t 
sumed. The electromotive fore 
depending on the metals in coi 
a given amount of work by the I 
one point to another, between v 
difference of potentials or electroi 
transfer of a definite amount of e 
tity of electricity produced by thi 
tional to the zinc consumed. Tl 
curriog in the simple form of the 
whenever we join two solid con 
in a compound liquid, one ele 
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combine more strongly with a than with e, or with b than 
with A. 

If we consider the liquid alone we find that positive elec- 
tricity is produced apparently at the surface of contact 
between the liquid and one conductor, and is taken away 
as fast as it is produced to neutralise the negative electricity 
produced apparently at the surface, where the other conductor 
touches the liquid. 

§ 4 \ bitter w ir riged for 1 long time between the clectr' 
cianswho mamta ned that m this ca^e the electr r tj was 
due to contact and those who mimta ned thit it wa^. due 
to chemiLai ictLon like many other disj utcs it turns mucli 
upon the use of words ' Both contact between dissimilar 
substances and chemi al act on a e ne essiry to produce 
the eflect the la vs regulating the potential and those re 
giilatmg the ci rrent are intimatelj connected with the 
nature of the substances in contact and with the amount of 
chem cal action Perhaps it is strictly accurate to siy that 
difference of potential is produced b) contact and that 
the current which is maintained by it is produced by chemi 
cal actirn As we ahill see hereafter the difference of 
pote itiah can be accurately determined from a considers 
tion of the diemicai action but tl ei this chemical action 
depends jrobably on the \ery properties which cause 1 
difference of potential to be produced by contact In 
cases where no knonn chemical action occurs as where 
copper and zin<_ to ch one another the d tlerence of po 
tential is produced and s nee this m\ohes a red -itnbution 
of electncit} a small but definite co isumptior ot energy 
must then occur the source of th s power cannot yet be 
said to be known. 

§ 5. The law described in Chapterll. § 21, by giving aeon- 
tact potential series, or electromotive series, for metals, shows 

' The opponents of contact electricity denied and falsely explained 
things now known to be true, and the original supporters of the conlac' 
theory were ignorant of dynamics. 
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why we have no hope ever to obtain a permaneiit current by 

any arrangement of metals, each at one temperature. The 

electromotive force at the joint c (Fig. 27) is necessarily 

equal to that at joint d, and opposed 

^'°' ^'* to it, i.e. tlie e. m. f. (as electromotive 

^..-'— T ---, force may for brevity be written) at c 

^A tends to send the electricity round in 

J^j the direction opposed to the hands of 

I ^ a watch, while the e. m. F. at d tends 

° to send electricity round in the opposite 

direction, and tJie two forces being equal, electricity moves 

neitJier way. 

When instead of bringing the zinc and copper into contact 
at D they are plunged into water, the e. m. f. at the junction 
remmns as before; but owing apparently to the electrolysis 
or decomposition of the water, little or no electromotive 
force is at first manifested at the surface where the water 
touches the metals, and the current can therefore Sow as 
described in § 2, The arrangement of potentials in the cell, 
in the plates, and in the wire joining the plates, cannot be 
explained until after Chapter IV., and indeed has never been 
very fully or clearly established. What chiefly concerns us 
is that galvanic cells can be arranged so as to produce a 
permanent current conveying considerable quantities of 
electricity ; the strength of the current is simply proportional 
to the quantity conveyed in a given time. 

§ fi. The properties of electric currents are very impor- 
tant. Two parallel wires in which electric currents flow in 
the same direction, attract one another It is simpler to 
state this fact by saying that parallel currents in tlie same 
direction attract one another. Parallel. currents in opposite 
directions repel one another. 

When the wires conveying the currents are straight but not 
parallel, tliey attract one another If both currents flow to or 
from the apex of the acute angle which the wires make with 
one another. 
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The wires or currents repel one another if one current 
approaches and the other recedes from the apex of the angle. 

§ 7. Considerarectangle of wireEF GH(Fig. z8) held over 
a straight wire A B, each having currents circulating in theni, 
as shown by the arrows, and let the rectangle be capable of 
turning on a vertical axis x Xj; it is found by experiment that 
E G is attracted towards a ; r h, on the contrary, towards B ; 
botli therefore tend to turn the rectangle in the same direction 
round its axis ; that portion of h g which is behind a b 
is attracted towards e, and repelled from a by § 6. On 
the contrary, the portion of H G which is in front of a B 
is repelled from B and attracted towards a ; all these forces 
act iJierefore in one direction, and tend to place e r g h in 



a plane parallel to A b. The forces in e F are acting in the 
opposite direction, but e f being farther from a b than the 
other portions of the current, the forces due to it are weakei 
and are overpowered. These attractions and repulsions are 
easily verified with a rectangle of copper wire made as in 
Fig. 29, and supported by two pivots a and b resting in two 
mercury cups, which are connected by thick wires with a 
Grove's cell. 

§ 8. If we conceive one rectangle a b C D (Fig. 30) inside 
another E F G H, all the actions described in the last will be 
strengthened, and the two rectangles will tend to place 
themselves in parallel planes, and moreover in such a posi- 
tion that the current is going in the same direction in both 
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rectangles. The truth of this proposition is evidently not 

limited to rectangular systems, and generally any two 

closed wire circuits in whicli currents are 

Fio- v^ flowing tend to arrange themselves in 

i this manner. When the two are in the 

same plane they may be so arranged, a< 

for instance where they are concentric 

circles, that the one does not attract the 

other at all but merely directs it, as de- 

i """ scribed above. If the one circuit were not 

in the same plane as tlie other they would 

attract one another even after they had placed themselves 

in parallel planes, and if forced to remain in such a position 

that the currents were flowing in opposite directions in the 

two circuits, they would repel one another. If the two 

circuits were in one plane, but not concentric, there might 

be a resultant force tending to cattse relative movement in 

tliat plane, due to the greater proximity of the wires at 

certain parts. All these attractions and repulsions are 

wholly distinct from tlie attractions and repulsions between 

cliarges of electricity at rest. They were discovered by 

§ 9, All the actions of ciurents one upon another may 
obviously be multiplied by using, instead of a single wire, a 
coil of wires, through each winding or turn of which the same 
current is flowing. Thus, a circuit composed of dventy turns 
of wire on a reel would be acted upon with twenty times liie 
force that a single turn would experience with the same current 
flowing through it ; and again, if the second circuit be also 
composed of twenty wires, each with a current equal to the 
original one, the forces in action will be again multiplied 
twentyfold. So that a circular coil a (Fig. 3 1) of twenty turns 
of wire hung up by a fibre inside a fixed coil e of twenty 
turns of wire, will experience a directing force 400 times 
greater for any given current circulating in both than would 
he experienced by a coil with a single turn hung inside a 
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coil with only one turn. This fad allows the construction 

of injtmraents called dedro^ynatiwmders, adapted to show 

thej-resence of electric currents A coiIa of 

perhips se\eral thousand turns miybe hung 

up inside a cod b also consisting of a 

number of turns, eich turn being insulated 

from Its neighbours b^ silk a and f are, 

when no current is passing mamtamed 1 

planes at right angles to one another by a 

small directmg force such is the torsion of 

a nire When a current is pas'-ed through both, the inner 

coil IS turned in such a direction as to place it more parallel 

o B h n before and with the currents running in the same 
d e tion The instrument may be modified so that a 
kno n rrent is passing through a and the one to be 

\a ned pissed through b onl) The direction of the 
unkno n current is indiLated bj the direction in which a 

urns and its magnitude or strength by the angle through 
h h turned 
^ 10 O her arrangements of a similar kind will suggest 

h n I e to the reader It the centre coil a, instead of 

e embl g a ring, were a coil of small diameter as in Fig. 32, 
foin a cylinder of considerable length, 
so a anged that the current flowed in the ^'° ^' 

same direction roimrl aU parts of the cylin 
der, the deflection of the internal cylinder I 
would be more immediately visible, and 
the ends a and b might be considered as two poles, having 
a tendency to place themselves at right angles to the plane 
of the directing coil. When such a cylinder as liiis is placed 
wholly inside another, having similar coils parallel to it, 
it will be in stable or unstable equilibrium, as the currents 
flow in the same or in opposite directions. 

If the pole a were introduced inside the coil e a, as 
shown in Fig. 33, the coil a would be sucked in by the action 
of one airrent on the other. If. on the other hand, the 
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currents flowed in such a direction that the pole b were placed 
inside or near the similar pole h, as in Fig. 34, the inner coil 
would be expelled or repelled from b. These actions are 
apparent whatever be the diameter of the coils. Conceive 
next that two flat spiral coils {Fig. 35) are placed face to 
face : if the currents flow in the same direction, they will 
attract one another; if in opposite directions, they will repel 
one another. 

Any of these arrangements may be made use of to show 




the presence, direction, and magnitude of a cunent in a 
wire. By using a large number of turns of fine copper wire 
insulated with silk, and suspended so as to turn with very 
small frictional or torsional resistance, it is easy to construct 
apparatus showing all the phenomena described in § 9 and 
5 10. The long cyhndrical coil described in this section is 
sometimes called a solenoid. 

§ 11. Magnets are found to be influenced by electric 
currents almost exactly as solenoids are. In the presence 
of a current, they are directed so that if free to move, 
they stand across the current. This fact was first observed 
by Oersted. The end of the magnet which points to the 
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south when freclj susptndcd is s mihr to that pote of the 
snlerjDid in which the current s moving m the direction 
of the hands, of a watch holding the watch with its back 
to the coil or m other words if the solenoid be like a 
n^ht handed corksc ew and the curreit enters at the point, 
the point will behave like the end of a magnet which points 
south The solenoid and mi^net have many properdes m 
comn on The solenoid mav be directed by a single rec 
tilneir current, aid so mav the magnet but jUst as the 
directive action on the solenoid is increased by wrippmg 
the directing coil all round it by brmgii^ the coils into 
close proximity, and by increasing the magnitade of the 
current Sowmg dirough the directing coil so the directing 
force or couple acting on a mignet is greatly increased 
by sending the current in the directing coil round it many 
times, by bringing that coil very clo'se to the magnet and bi 
using -i powerful current This property ot the nngnet 
allous us to construct instruments rallel g^lvanoscopes 
and galvanometers for the detection and measurement of 
currents without using a double coil of insulated wire In 
galva loscopts a magnet hangs mside a directmg coil, each 
turn of wh ch is pk ed nortli and south The magnet hangs 
with its poles north and south 
so long as no current passes 
through the coil but when a 
current passes it is deflected 
more or less towards one side 
or the other, until the couple w 
due to the directing action of ^ 

the current is balanced by the s 
couple due to the directing 
action of the earth. When 
the current in the directing 
coil (Fig. 36) flows from south 
to north in the top of the coil, 
the end of the magnet which pointed s 




)uth, and which will 
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hereafter be called the south pole of the magnet, turns 

The direction in which a magnet tends to turn across a 
current may also be described as follows. Imagine a man 
lying oa the wire which conveys the current, in such a direc- 
tion that the current was from his feet towards his head, his 
face being turned towards the magnet ; then, under the in- 
fluence of the current, the pole of the magnet which, when 
free, turns to the soudi, will turn towards the right hand of 
the man. Or let a current be flowing through a copper cork- 
screw, and let the magnet take up its natural position inside 
the coils of wire : then if the corkscrew be turned the way of 
the current it will screw from south to north, through the 
compass needle considered as a cork. 

The following is a third description of the direction in 
which a current deflects a magnet. Imagine a watch strung on 
Fic. 37. the wire conveying a 

current so that this 
current goes in at the 
back of the watch 
and comes out at the 
face through the cen- 
tral pivots; then the 
soulh pole of the magnet is impelled by the current in the 
direction of the hands of the watch (Fig. 37). 

§ 12. Thegalvanoscope and galvanometer are instruments 
of such importance that they will be described at length in 
Chapter X. ; but since we shaU have occasion in future con- 
tinually to speak of electric currents and their properties, it 
is desirable to state how a galvanometer may be easily con- 
structed capable of indicating the presence of a current.and 
of comparing the relative strengths of various currents. Wind 
copper wire insulated with silk on a hollow brass cylindrical 
bobbin a (Fig. 38) with deep flanges EBi, which may have feet 
at c by whidi the bobbin is supported on wood or vulcanite. 
Inside a fit a small brass plug d, having at one end a hollow 




bv Google 




cl amber closed i v the lens e, with a focal distance o 

about I'o centimt.tres In the little chamber suspend ; 

mirror and maj^net by a fio. js. 

SHgle silk fibre sucli as 

may be drawn out of i 

cheap silk nbbon This 

fibre must be so thm as to 

be nearlj invisible Tl e 

mirror should be formed of 

microscope ghss as truh 

plane and as thm as possi 

ble The magnet may be 

attached to the back by a 

htde shellac dissuUed m 

spir ts of wine Care must 

be taken that the mirror 

IS not drann out of shipe 

by the magnet The silk 

fibre must also be attached with shellac varnish. It ma> 

then be threaded through a hole in the chamber by 

means ct a leedle of sedn g wax or shellac, and secured 

w.thahttle mastic or other lamish. The plug D can then be 

introduced or withdrawn from a at pleasure. 

If currents are to be observed which are passing through 
circuits of great length or containing bad conductors the wire 
should be thin, say No. 40, and many thousand turns may 
be employed : the diameter of the chamber inside the plug d 
maybe 1-5 centimetre, the length from b to b, 3-5 centi- 
metres, and the outside diameter of the flanges bb, 6 or 7 
centimetres. This size will contain many thousand turns 
of fine wire. 

If currents are to be observed which are passing in 
short lengths of wire or other good conductors the space 
inside the flanges bB) may be filled with two or three dozen 
turns of stout copper wire, say N^o. 16 or No. 20. The two 
ends of this coil tt, may conveniently he connected to two 
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brass pieces (Fig. 39) well insulated by vulcanite and having 
screws by which other wires can be joined to the same ter- 
minals as tliey are called. The instrument is completed by a 
paraffin lamp L, placed behind a screen having a slit M in 
it about 60 centimetres in front of the coil and horizontal 
white scale n about 45 centimetres long. 

When placed as in Fig. 39 the light from the lamp passes 
through the slit in the screen, through the lens e on to the 
mirror f, by which it is reflected back on to the scale. 
An image of the flame is seen on the scale. When the 
light falls perpendicularly on the mirror this image appears 
on the scale immediately above the slit in the screen. If 
by the passage of a current through the coil the magnet is 
deflected to the right or left, the image moves to the right 
or left along the scale, the angle fomied by the reflected 
rays being twice the angle through which the magnet and 
mirror are deflected. A very small angle produces a great 
displacement of the image. With the dimensions named 
the horizontal displacement of the image is nearly propor- 
tional to the strength of the current If the scale be bent 
so as to form part of a cylindrical surface having the axis of 
suspension of the mirror as its central axis, the reflected 
spot of light is more dearly seen through the whole range. 
This instrument is Sir William Thomson's mirror galvano- 
meter. With its assistance the presence, increase, or 
decrease of a current can be observed. It is convenient 
to place a bar magnet s in the magnetic meridian imme- 
diately above the coil ; ,by raising or lowering this magnet, 
the directive force of the earth may be increased or weak- 
ened. If the south pole of s is placed to the south the 
magnet may by trial be put at such a distance from the 
suspended mirror and magnet as almost exactly to cotxnter- 
balance the effect of the earth's magnetism. The instru- 
ment will then be very sensitive, but the spot of light will never 
remain quite stationary. A second magnet t, placed per- 
pendicular to the magnetic meridian, may be used to adjust 
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the zero of flie iTistrumeiit, i.e. to bring back the spot of 
light to a fiducial mark at the centre of the scale when no 
current is passing. The direction of the magnetic meridian 
is that in which a free magnet naturally points. 

^ 13. A current not only acts on a piece of steel or 
iron whicli is already a magnet, but it converts any piece 
of non- magnetised steel or iron in its neighbourhood into 
Ytn lo. 3- Dragnet having its poles so 

situated that they lie in the 
( line along which a free magnet 
I would place itself under the 
ction of the current. This 
lagnetising action is more 
powerful as the iron is placed nearer the current, as the 
current is more powerful, and as a greater length of the 
current acts in the same sense on the iron. Thus, a piece 
of iron placed inside a helix or bobbin (Fig. 40) of many 
coils is strongly magnetised by the current and has its north 
and south poles placed as shown in Fig. 40. 

The magnetisation produced by the current is only tem- 
porary if the iron be soft or annealed, but a portion of the 
magnetisation produced in hard iron is retained long after 
the current has ceased to flow, and in a hard steel bar some 
portion of it is permanently retained. Work is done, and 
energy expended, in producing this magnetisation. 

§ 14. The current in the wire implies a transfer of elec- 
tricity under the action of electromotive force j and by the 
ery defin t on of electromot e force work son e forn 
n St be done dun g tl e transfer 

Wl en a 1 rren flo \s thro j,! ■i s m] le w re 1 d does 
not magneti e ro or set any ass n mot on the ene gj 
expe ded n poducng the current s wholl) em];lo)ed 
n 1 eat ng the conducting w re the heat de eloped n a v 
I art of the w re be ng pre selj eq ilent to the rk 
vl ch outd be do e l ing ng he sine qu tj 1 
electric ty fron the one el f the w re to the other on a 
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little conductor against the statical repulsion described in§ i, 
Chapter II. If any portion of the energy is employed in other 
wa)^, as described above, so much less heat is developed in 
the wire. The rise of temperature in the wire depends on the 
specific heat of the metal of which it is composed. 

§ 15. When the current traverses a compound liquid 
conductor instead of a solid simple metal wire, the liquid is 
in many cases decomposed, one element or group of ele- 
ments moves to the spot at which the current enters the 
fluid, and the other to the spot at which the current leaves 
the fluid, Faraday called the metal surface at which the 
positive current entered the fluid the anode, and the 
other surface the kathode. The compound decomposed 
by the electricity is called an electrolyte, the process ot 
decomposition electrolysis and the products of electrolysis 
ions. Thus when two glass tubes (Fig. 41) C and d, filled 
with water, are inverted over a vessel of water, and the two 
platinum wires a b introduced into the vessel, then upon 
connecting a and b with a suffici- fig. ,1. 

ently powerful galvanic battery so 
that a current may pass from A to B, 
the water is electrolysed; oxygen is 
found in c and hydrogen in d, in 
the proportions forming water. 

Energy is expended in decom- 
posing any compound, just as 
energy is evolved in the combina- 
tion of elements which have a 
chemical affinity one for another. 
The energy expended in the de- 
composition of an electrolyte is not 
available to produce motion or heit 
in the circuit. 

§ 16. Currents traverse even -very 
bad conductors, but the current is 
small, i-e. comparatively little electncit) p\s';es'ii' 
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lime with a given, e, m. y. Bad conductors are generally 
compound bodies. The resins, may be taken as examples. 
Feeble currents also traverse electrolytes without producing 
any sensible amount of electrolysis. It is certain that work 
of some kind is done by the current as it passes through 
these bodies ; but it is not yet known by what action the 
work is represented, that is to say, it is not known whether 
the bad conductor is heated, or decomposed, or whether 
some other form of work represents the energy expended. 

§ 17. If a current be allowed to set a magnet in motion, 
for instance, to expel one pole of a magnet previously intro- 
duced into a helix, the current experiences a real resistance, 
and its flow is checked by the effort. The mere presence 
of the magnet if it is at rest does not check the current; a 
certain statical force exists between the current and the 
magnet, but so long as no motion occurs in consequence ol 
this force or against diis force no work is done, and the 
current flows as if the magnet were not diere. A rough 
analogy to this might be found in the following arrangement. 
Let water be flowing through a pipe at one side of which 
there is a piston a {Fig. 42) held 

'"•*'• in position by a spring at b. The 

-tr-n— — mmet ^,3^[g^ ^ jf jJqivs through thc pipe 

will press on the piston A, and by 
means of a piston-rod may exert a 
force at B. When this force just 
balances the force of the spring, the 
water in flowing past the piston does no work by means of it 
or on it, and the current proceeds as if no piston were there ; 
but if the spring be then weakened or let go so as to be forced 
back by the piston, the lateral pressure of the water in 
forcing back the piston overcomes a resistance through 
a certain space and does work as the current of electricity 
does in moving the magnet. Moreover, the flow of water 
will be checked or diminislied while the work of pushing 
back tlie spring is being done. When the spring has been 
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pushed back so far that its elastic force balances the pressure 
in the pipe, the current in the main pipe will flow on ns 
before, unaffected by the presence of the spring b. In 
like manner the electric current which was checked in its 
flow while deflecting tlie magnet (lows on as before after the 
magnet has come to rest. The analogy is imperfect, inasmuch 
as the diminution of the water current is accompanied by a 
cliange of capacity for the water, whereas the diminution of 
the electric current is unaccompanied by any increase of 
capacity. The water is only diverted, whereas the elec- 
tricity is really retarded. This diminution of the current 
while it is doing work occurs not only when the work con- 
sists in moving a magnet, but also when the work consists 
in moving a wire or wires conveying currents, as in the 
electro -dynamometer, or in magnetising soft iron. 

§ 18. If the piston a in Fig. 42 be forced back towards 
the pipe containing water, it will produce a current, the 
effect being reciprocal to that which was produced when the 
current was diminished by forcing forward the piston ; work 
is done by the piston as it is forced fonvard, and this work 
is expended in producing an extra current of water. 

Similarly, if the magnet which has been deflected be 
forcibly moved back, energy is required to force it back 
against the resistance due to the electrical repulsion of the 
curtent, and this energy performs work represented by an 
increase in the current exactly corresponding to the diminu- 
tion experienced when the current was expending energy 
in forcing back the magnet. The current is said to be 
induced in the wire by the motion of the magnet relatively 
to the wire. The case is one of energy stored and restored. 
When the current forced back the magnet the energy of the 
current was expended in such a manner as to be stored up 
in the system. When the magnet returns to its original 
position the energy is restored to the current. The exam- 
ple already given of water in a pipe forcing back water 
against a spring affords one instance of energy stored and 
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restored, another i'; affarded by the common pendulum. 
The energy of the pendulum e\ists alternately in a latent 
or potentiil fomi due to the attiaction of gravitation, 
and as actual energy due to raution ^s the bob rises 
the actual energy is giaduiUy transformed into potential 
energy, being thus stored up As the bob falls the 
potential energy is reconieited mto attual energy, being 
thus restored Just so, if a current deflects a magnet and 
causes it to swin^ backwards and forwards, the eneigy 
alternately e\ibts m the form of electric repulsion and 
actual energy ol motion, but theie is thia difference between 
electric and gravitation examples the force of gravitation 
is neither increased nor dimn ishcd b) the motion of the 
pendulum, whereas nhen the magnet swings in obedience 
to the impulse given by the current, the current diminishes, 
and when the magnet swings back -igamstthc impulse of 
the current, the current is increasd 

§ 19. Motion ot die piston m Tig 42 would produce a 
current in the pipe nhether one existed before or not; 
if the piston were drinn bai k from the pipe it would suck 
water in at the mouth, if moved forward it would drive 
water out, quite similailj the motion of a magnet in tlie 
neighbourhood ot a conductor, the motion of a wire contain- 
ing an electric current, or the increase or decrease of 
magnetism in a magnet near a conductor, will each of them 
cause currents to flow in that conductor ; the direction of 
the current in the conductor or wire will be such that it resists 
the motion of the magnet or of the current, or the change in the 
current, or the change of magnetisation. 

The following are examples of the application of this 
general principle, first enunciated by Lenz. Let there be 
a metallic ring a b (Fig. 43), a second ring c d, in which a 
current flows in the direction of the arrows, and a magnet 
N s; then, while the relative position of c d, a b, and n s 
do not vary, and while the current in c D and the mag- 
netism in N S remain constant, neither increasing nor 
(iiminishin;;, no current whatever will flow in the ring a b. 
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but any change in any one of these conditions will produce 
a current in A b; thus : 

I. If the ring c d moves f,„. „, 

nearer a e a current will be c a 

induced in a e in the direc- 
tion of the inside arrows, and 
during this action the current i 
in c D will be diminished. 

•t. If the ring c d be re- 
moved farther from a b a 
current will be induced in a b 
ill the direction of the outside 
arrows, and during the induction the current in c d will be 
diminished. 

3. If the pole N of the magnet n s be pushed into the 
ring or nearer to it, a current will be induced in a b in the 
direction of the inside arrow, and the motion is resisted. 

4. If the pole N of tlie magnet be withdrawn to the right 
hand, out of or away from the ring, a current will be induced 
in A E in the direction of the outside arrows, and the motion 
is resisted. 

5. If the magnetism of the magnet be increased, a current 
will be induced in a b in the direction of the inside arrows, 
and the increase of magnetism is thereby resisted. 

6. If the magnetism of the magnet be diminished, a 
current will be induced in a b in the direction of the outside 
arrows, and the diminution of magnetism is thereby resisted- 

If instead of simple rings we have long thick coils of many 
turns, the effects will be much more sensible. The effects 
of induction between straight wires and magnets can with 
ease be deduced from the general principle enunciated 
above. Induction is the name given to this phenomenon, 
which, however, has nothing in common with the induction 
described in Chapter I, To distinguish between these phe- 
nomena, that described in Chapter I. must be designated 
electrostatic induction, and the induction of currents, electro- 
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magnetic induction. Electrostatic induction is called ' in- 
fluence ' in Frencli and German. 

Owing to electro-magnetic induction magnets and wires 
conveying electric currents are not as free to move as other 
bodies. They may when at rest be in perfect equilibrium, and 
apparently free to move in all directions, but when we move 
them they induce currents in neighbouring conductors, and 
these currents are in such a direction as to produce a force 
opposing the motion of the first magnet or current. It is, 
indeed, impossible to conceive that by moving they should 
produce a force helping their own proper motion as in 
that case perpetual motion, or rather a perpetually increasing 
source of energy, would be the result. 

§ 30, A current which commences in a given circuit may 
be likened, so far as its effects on a neighbouring conductor 
are concerned, to a permanent current brought suddenly 
from an infinite distance to the spot where it stands. Wc 
know that by bringing a current c d (Fig. 43) from a distance 
to a position alongside a wire forming part of a distinct 
circuit A B, we should cause the induction of a current in 
A B opposite in direction to that flowing in the parallel 
wire c D. The beginning of a current in c d has exactly the 
same effect and induces a current in the opposite direction 
in A B ; again, an increase of current in c d acts in the same 
manner as bringing c d nearer to a B. It induces a current 
in the opposite direction to that in c d. These induced 
currents cease as soon as the inducing current c d ceases to 
increase, just as the induced current in a b would cease as 
soon as C d, while conveying a permanent current, ceased 
to approach a b. 

The diminution of a current in c d produces the same 
effect as removing c d from the neighbourhood of a e, i.e. it 
induces a current in a b in the same direction as that in c d. 
The total cessation of the current c d acts like the infinitely 
distant removal of C d with its current, and of course induces 
a current in a b in the same direction as that which flowed 
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through c D. We may therefore add to the examples given 
in 5 19 two more. 

7. If the current in c d ceases or is diminished, a current 
will be induced in a b in the direction of the otitside arrows, 
and the diminution of the current in c D is thereby delayed. 

S. If the current in c D commences or is increased, a 
current will be induced in a b, in the direction of the inside 
arrows, and the increase of the current in c D is thereby 



§ 21. Induction is the unfailing accompaniment of the be- 
ginning or increase and termination or decrease of a current, 
for there are always conductors somewhere near in which the 
induced currents flow. The induced currents diminish for 
the time being the strength of the inducing current, and 
thus we see that neighbouring bodies change the rate at which 
a beginning or ceasing current comes to its permanent con- 
dition. If the whole or a large part of a circuit of small 
resistance is very near the inducing current, and so disposed 
that the induction tends to occur throughout in one direction, 
the induced current will be considerable, and its reaction on 
the inducing current will also be great, shortening the time 
it requires to reach the permanent condition. If the circuit 
in which the induced current flows is, on the contrary, far 
removed from the inducing current, or only exposed to in- 
duction for a small part of its length, or so placed that the 
current tends to flow in opposite directions at different parts 
of tlie circuit, or has a great resistance, then the induced 
current \vill be small and its reaction on the inducing 
current will also be small. The inducing current produces 
an electromotive force in the circuit conveying the induced 
current, and we may say that the induced current is due 
to the induced electromotive force. If the inducing current 
A be near a number of conductors b C d, the induced current 
in E tends to weaken that in c and d, inasmuch as a current 
beginning in B would induce currents in c and n in the 
direction of the original current a. Thus the induced 
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current in b is less than it would have been if c and d harl 
not been there, and the inducing current in a is less 
checked than it would have been if c and d had not been 

An increasing or diminiihing current not only induces an 



E. M. F in neighbouring conductors but mIso e 
ductive action on the current in which it flows. Thus let 
^ us consider a circuit coiled back as in 

the annexed figure. An increasing current 
between a and b, flowing as shown by the 
arrow, tends to induce a current between 
c and D in the opposite direction. The 
E. M. F thus induced between c and d op- 
poses the original current, and delays its 
increase. If the current between a and b 
is diminishing, it tends to induce a current 
between c and D in the same direction as it is flowing, and 
the result is to delay the decrease. Thus the action in both 
cases is to delay change. Even when the wire is straight a 
similar but much weaker effect occurs. A current flowing 




(Fig. 46) from a to B repels one flowing from cto d ; if then a 
current increases in A B, it induces a current in front of itself 
in the direction in which it is flowing, and is checked in so 
doing. The effect is to diminish the abruptness of the 

§ 23. The conductor in which the current is induced 
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net.a not form whit is cUled a cloitd circuit, le such 
a conductor as is fonned by ^ iing of wire round whicl 
the current cm continue to flow permanently it a per 
manent e w f be kept up round it, as distingui-ihed from a 
broken circuit, such as would be lormed bj a ring of wire 
incomplete at one or more points, ^vhere the presence of air 
or other non conductors would stop anj permanent current, 
but although the induced current wiU be \ery different in 
the two cases of a closed and ojien arcuit it wiU be pro 
duced m both In tlie closed circuit we maj have a current 
induced without difierenoe of potent als betneen the puts 
We cannot Jiave difference of potential between two parts 
of a conductor without a current ensuing, but we may have 
a current due to e. m. f. without any difference of poten- 
tial. The analogy of water in 3 pipe will make this clear. 
If there be difference oT level between two reservoirs in 
connection with one another, as in Fig. 47, the w 
flow from the higher level to the 
lower. But even if the two reser- 
voirs be at the same level, when 
a rope is rapidly drawn through 
the pipe from A to B, water will 
by friction be dragged along the pipe, and waterwill flow from 
A to B, causing b to rise in level or gravitation potential. 
Here the current cannot be said to be due to a difference of 
potential, and the difi"erence of potential wliich finally results 
from the action is opposed to that which would have pro- 
duced the current. 

Again, if the water be enclosed in a circular pipe (Fig. 48), 
and an internal wire a a ah^ caused to rotate inside this pipe 
about the axis of the ring, it will set all the water in the 
pipe in motion, without causing any difference of pressure 
between two parts of the pipe; in this case there is no 
difference of gravitation or pressure potential causing the 
motion, nor is any difference of potential necessarily caused 
by the motion. The two cases of a closed and broken 
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cifl t ire analogous to th s In the clcied circuit the 
current may continue indefinitely so long as the motion of 
the inducing m-ignet continues but no 
difterencc. of potential need be produced 
between inj parts of the c rcuit In 
, tl e broken circuit, on the contrarj the 
I current is not produced b> a difference 
? of potenlni betweei different parts b t 
the E M F dnves poaitve elcctncity to 
oie end of tl e wire and nec^at le electn 
It} to the other producing i difference of 
ill send back a re\crse current so soon as 
n of the magnet is overj the first current 
may be exceedingly small, even In cases where if the circuit 
were closed the current would be great, for a small quantity 
wdl in bodies of small capacity be quite enough to produce 
a difference of potential balancing the inductive action of 
the magnet. Just as in Fig. 47, if the reservoirs A and b 
are small, a very little water dragged from a to e by friction 
will establish such a difference of potentials as will stop all 
further current though the friction might be sufficient to 
cause a great current in the closed circuit {Fig. 48). As 
soon as the difference of potentials between a and b in the 
broken circuit is sufficient to cause a reverse current equal 
to that which the magnet moving as it does can induce, no 
further current will be induced in the broken circuit, pre- 
cisely as under similar circumstances the friction of the rod 
would cease to produce a current of water ; but no -motion 
of the magnet or other inducing system can be so small as 
to fail to produce a continued current in the closed circuit, 
for no difference of potentials is necessarily created tending 

§ 33, A complex case arises when the closed circuit is 
long and of sensible capacity while the inducing action takes 
place on one part only. This case is analogous to a long 
elastic pipe (as in Fig, 49), inside which a short rod is 
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moving, producing a current by friction; here there may 
be accumulation of water in front of the rod and a deficiency 
behind. There may be, there- Frn. 49. 

fore,an increase of pressure it 
front of the rod and a defect 
behind, tending to reverse the 
current produced by the fric- 
tion of the rod. Just so with 
the electric current, there may be at parts of the long circuit 
differences of potential produced tending to reverse the 
direction of the induced current ; the potential being raised 
at the parts into which the positive current is flowing, and 
depressed at those parts from which it is flowing. This 
implies unequal currents in different parts of the circuit. 
Examples of this kind of action occur in submarine cables. 

J 24 The strength of a constant current m any circuit is 
equal m all parts ol the urcuit In this case, although one 
part of the arcuit ma) be a thick wire and anolJier part a 
thin one, a third part an electroljte, &c, the quantit) of 
electricity conveyed past each section is the same m the 
same time, 1 e the strength of the current is the same at 
each part Equal lengths of current, whether conveyed 
in a thick or thm wire, will produce precisely the same 
effect in directing magnets and la produang magnetism, &c 
This equal current in all parts of the circuit is independent 
of the capacity of each part, as it is independent of the dif- 
ference of materials. There are not two kinds or qualities of 
current ; a current has but the one quality of magnitude, 
meaning that it conveys a certain definite quantity of electri- 
city past a given point in a given time. When the epithets 
great, strong, intense, are applied to currents they all mean 
the same thing, and mean that a large quantity of electricity 
is conveyed by them. The uniform current of electricity is 
analogous to the uniform current of water. If water be 
flowing from one reservoir to another through a succession 
of pipes of different diameters altJuH, the water will flow in 
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a uniform current as defined above through all of them ; tliat 
is to say, the same quantity of water per second passes 
through every pipe; tlie velocity of the water is different 
wherever the diameters of the pipes differ; but the cujrent 
is constant in the sense that it is a current of so many 
gallons per second. When a good form of voltaic battery is 
used to produce the difference of potentials, and the current 
is allowed to flow through a metallic conductor, kept at rest 
at the same temperature and away from the iieighbourliood 
of moving magnets or other moving currents, we obtain this 
simple uniform current in all parts of the circuit. 

§ 25. It will be obvious that t^is simplicity must be 
widely departed from, when even this uniform current is first 
started and when it ends, and that simplicity is still farther 
removed from the case in which currents are induced by 
moving magnets, &c. ; these currents must vary at every 
moment in any one place, and differ at all parts of the circuit. 
To take the simplest case first : when the poles of the galvanic 
cell z c are first joined at n and m to the wires a e c d 
electricity will rush from the cell into the wires ; this elec- 
j.^^ ^ tricity has to charge each portion of 

the wires statically : the current begins 
close to the cell some time before 
it reaches the remoter portions of 
the wire; it flows at different rates 
through different sections of the wire, 
according to their size, capacity, and 
material ; it induces currents in all conductors in the neigh- 
bourhood, and is checked while doing so, and not until all 
this is over shall we have that permanent condition in which 
a constant current flows through all parts of the circuit- 
The series of phenomena just described occurs whenever 
an electric signal is sent along a wire. The earth generally 
forms one part of the circuit used for this purpose, and the 
circuit is completed or closed by making contact at one 
place only, as at m, the wire at n being already joined to z; 
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the phenomena are not made at all simpler by these changes. 

The speed of electricity is often spoken of, but what has 

ds without qualification 

m rting from m does not 

a gradually increasing 

ts arrival depend evi- 

ch s the size and material 



th the earth and the 
ctor or long wire, we 
ar phenomena, except 

Will be that in which 
duly charged to the 
o further current will 

rying induced currents 
re subject to the still 
ing system does not 
tential such as is pro- 
urrent which it induces 
ries as the magnet or 
ion relatively to the 

(Fig. 27) are joined so 
he junction c is at a 

n D, an electric current 
a difference of poten- 

tions. In both cases, 

C. as an example, we 
current from the iron 
but that tendency is 

efore the current flows 
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from the iron to the copper across the cold junction. The 
source of enei^y here is heat, wliich is absorbed at the hot 
junction, and given out at the cold junction ; but less heat 
is given out at the cold tJian is absorbed at the hot junction 
by an amount equivalent to the work done by the electric 
current This current is often called a thenno-electric cur- 
rent, but it differs in no quality from other currents. The 
E. M, F. produced is small. 

§ 27. In conclusion, we have found that currents are 
produced by the friction of non-conductors, by chemical 
reactions, by heat ; by the approach, commencement, or 
increase of a current in any neighbouring conductor ; by the 
removal, cessation, or diminution of any neighbouring cur- 
rent; by the motion of a neighbouring magnet relatively 
to a conductor and by the increase or decrease in the 
magnetism of this magnet 

Lastly, any change in the distribution of the statical 
charge of electricity on the surface of bodies produces 
currents until the redistribution is completed and equili- 
brium is restored. We find no difference of kind between 
all these currents ; they all have the same properties, but 
combined in very varying degrees. In studying the laws 
which connect currents with other electrical magnitudes, 
we find that we must distinguish the case of the. constant 
current which is uniform in all parts of the circuit, and at 
rest relatively to all other conductors and magnets, from that 
of the more complex varying currents, and of those which 
move relatively to otlier currents, conductors, or magnets. 
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CHAPTER IV. 

RESISTANCE. 

§ 1. Bodies have already been described as being bad or 
good conductors, and an imperfect conductor may be said 
to oppose the passage of an electric current. All known 
conductors oppose a sensible resistance to the passage of a 
current, by which we mean that if two bodies of any sensible 
capacity and at different potentials be joined, the current 
produced occupies a sensible time in passing between them, 
whatever material be employed to join the bodies, and how- 
ever it may be shaped.' The strength of the current, or, in 
other words, the quantity of electricity passing per second 
from one point to another, when a constant difference of 
potentials is maintained between them, depends on the re- 
sistance of the wire or conductor joining those two points. 
A bad conductor does not let the electricity pass so rapidly 
as a good conductor, or, in other words, a bad conductor 
offers more resistance than a good one. When no electro- 
magnetic phenomena are produced, the current flowing 
from a point at potential A to a point at potential E depends 
simply on what is here called the resistance of the conductor 
separating them. 

§ 3. With a given conductor joining two points, it is found 
by experiment that upon doubling thedifference of potential 
between the points, twice as strong a current flows as 
before ; in other words, with a constant resistance, the 
current is simply proportional to the e. m. r. or difference of 
potentials between the points. Again, it is found that keep- 
ing the difference of potential constant, and keeping the 
section and material of the conducting wire constant but 
doubling its length, we halve the current which flows, and 

' The self-induction of a current would cause a delay in its passage 
between two points even if the conductor had no resistance, but the 
delay dne to resistance is easily separated from tliat due to self-induction. 
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generally that if the e. m. f. and section and material of the 
wire be kept constant, the current will be inversely pro- 
portional to the length of the conductor. Again, keeping 
tiie E. M. F., length, and material all constant the current is 
halved by halving the area of the cross section of the wire. 
Consequently, if we define resistance as proportional to the 
length of the wire of constant section, and as inversely pro- 
portional to the cross section where that varies, we shall be 
justified in saying that with a given difference of potentials 
or E. M. F. between two points, the current which flows will 
be inversely proportional to the resistance separating these 
points ; and, again, that with a constant resistance separating 
two points, the current flowing will be simply proportional 
to the E. M, F. or difference of potential between the points, 
if, then, we call c the current, i the electron! otive force, 
and R the resistance of the conductor, we find that c is 
proportional to the quotient -, and is affected by no other 
circumstance, hence we have 

c = — , or R = - , or 1 = c R. 



This equation expresses Ohm's law, ivhich may be stated 
thus:— 

When a mrrent is produced in a coTiductor by an v.. m. f. the 
ratio of the 'e.. m. f. to the current is independent of the strength 
of t lie curreftt, and is called the resistance of the conductor. 

This definition of resistance would not be justified if 
we did not always obtain one and the same value for r 
in any one conductor, wfiatever electromotive force may be 
employed to force a current through it. The electrical 
resistance of a conductor is not analogous to mechanical 
resistance, such as the friction which water experiences in 
passing tlirough a pipe, for this frictional resistance is not 
constant when different quantities of water are being forced 
through the pipe, whereas the magnitude called electrical 
resistance is quite constant whatever quantity of electricity 
be forced through the conductor. This fact leads to much 
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greater simplicity in the calculations of the distribution of 
electrical currents than in calculations of the flow of water. 
The accuracy of Ohm's law is most easily illustrated with 
a galvanometer having a short coil of thick wire. Take a 
Grove's cell and make a circuit through the galvanometer, 
and such a length of fine wire as gives a convenient deflec- 
tion, it will be found that the deflection is nearly inversely 
proportional to the length of the fine wire ; when this length 
is doubled, the deflection is halved. This would be strictly 
true if the deflections of the galvanometer were proportional 
to the current, and if the resistance of the galvanometer and 
of the cell were nil. Taking these resistances into account, 
then, with any cell or battery of constant e. m, f, and with 
any galvanometer, we shall find the deflections inversely 
proportional to the total resistances of the circuit 

§ 3. Resuiance in a wire of comtani sidion and material 
is directly proportionai to the length and inversely proportional 
to the area of the cross section. The form of the cross section 
is a matter of indifference, showing that the resistance is 
in no way affected by the extent of surface of the conducting 
wire or rod, and that although electricity at rest is found only 
on the surface, electricity when flowing as a current is pro- 
pagated along all parts of the conductor alike. 

The most easily explained manner of comparing two resist- 
ances is by means of the differential galvanometer. Let the 
coil of a galvanometer be formed of two insulated wiies wound 
on side by side, so that each makes die same number of turns. 
Then if equal currents be sent round the two coils in oppo- 
site directions there will be no deflection; if th? two currents 
be not equal, the stronger will produce a deflection. Let 
GiG represent the two coils in the annexed diagram, and 
let Ri E be two resistances which are to be compared ; join 
the two galvanometer coils at b and the two resistances at a 
connecting Ri with Gj and r with g, as shown; complete 
the circuit by connecting b with a, through a battery C Z. 
One portion of the current will pass through g R, the other 
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portion fhroiigii G, R,. The magnitude of the current through 
both these conductors depends on their resistance and on the 
difference of potential between a and 
^"'- !'■ E which is the same in both cases. 

Hence the current tlirough G and R will 
be equal to the current througli a-y and 
Ri if the resistances of the two branches 
are equaL It is easy to make the resist- 
ance of Gi equal to the resistance of G, 
by adding a little piece of ivire to the 
coil which has the smallest resistance if 
there be any difference bttween them 
If therefore w e hnd no deflection 
ciu'ied b^ completing the circuit as 
above we maj conclude that r = e, 
If R] be the greater, less current will 
pass through Gi than through g and a 
deflection m one direction mil follow , 
^ deflection in the opposite dnection 
would be produced if Rj were the ■■miller It is easy by sue 
cessive trials to find the relativelengthsof two wires Rand R; 
which balance one another when different materials or differ- 
ent forms are used. By this instrument tlie law stated at the 
beginning of the paragraph is easily proved. 

§ 4. Since the resistance of a wire of any given material is 
inversely proportional to tlie cross section of the wire, it 
will also be inversely proportional to the weight per 
unit of length , or, in other words, the resistance of a uniform 
wire of any material is m\erbely proportional to the weight 
per loot of the wire, i e a wire weighing twenty gram!; per 
foot has hilf the resistance of ^ wire weighing ten grains per 
foot Inasmuch as all bodies ha(e not the same specihc 
gravity, the relative resistance of different mitenils will 
be diflerent, according as we rctcr them to similar cross 
sections and lengths, or to similar weighls and lengths 
When treating of the meisurement of resistance, a Table 
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ttil! be gi\en in which the rektne iLSistan es ot nr u-. 
materials are giien icferreJ to both units meannhile it 
may be sufficient to state that pure copper or pure iilver 
ha\e smaller resistantes thin iny other known matenal 
that alloys haie a laiger resistance than metals, electro 
1) tes a cons derably greiter resistance than most alloys , 
thit some liquids, such as oil have so great a resistance 
as to become insulators, but that all knonn msulatois 
except gases, do permit the passage of electricitj in a « ay 
differing rather in degree than m kind from the wii in 
which metals permit the passage of electncit) Thus b\d 
condui tors or insula'-ors wall htreafter be frequentlj spoken 
of as bodies of great resi tante The difference in this 
respect between an insulator and a goo i co iductor is enor 
mous Taking the resistmce ot sih er at 0° C as the unit 
a wire of equal length and diameter oi German silver would 
have a resistance of ra'Sz, andarodof guttapercha of equal 
bulk and length about 850, doo,ooo,ooo,ooo, 000,000, or 
8'5 X 10^*'; nevertheless, Ohm's law applies to the resist- 
ance of each material. 

§ 5. The resistance of all materials alters with a change of 
temperature. With the metals and good conductors, the 
resistance becomes greater with a rise of temperature ; with 
electrolytes and bad conductors it diminishes. There is thus 
less difference between the resistances of these dissimilar 
bodies at high temperatures than at low. Inasmuch as tlie 
passage of a current through a wire hfeats it, the passage of a 
current tends continually to increase the resistance which it 
meets with. This can easily be seen w4th a differential gal- 
vanometer. After carefully balancing K and R,, Fig. 5*, alter 
the circuit so as to pass the current for some minutes through 
Ri and G, only. On reconnecting r andca deflection will be 
observed, and r will have to be increased to balance r„ 
until the wires have been left to resume their former tempera- 
ture. Wires of graduated length and section, insulated by 
silk and wound on bobbins are employed to represent certain 
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definite resistances, and tliese bobbins of insulated wire are 
called resistance coils. It is es.sential that they should be 
made of a material, such as German silver, the resistance of 
which varies little with a change of temperature, and that in 
careful experiments the temperature of the resistance coil 
should be noted and allowed for. 

§ 6. A knowledge of tlie resistance of a conductor is 
essential to determine how much electricity will flow between 
two points in a given time when joined by that conductor; 
in other words, to determine the strength of a current which 
will under any given circumstances be produced; how 
much the current hIU be modified by a change in any given 
conductor; how a current will be subdivided and affected by 
having two or more paths open to it between the same 
points ; to determine the effect of galvanic cells of different 
sizes and materials, since each kind of galvanic cell has an 
internal resistance depending on the size of the plates, on 
the distance between them, and on the solutions employed \ 
to allow a comparison between the qualities of insulators ; 
and to enable us to augment, diminish, and in all ways regu- 
late any current at will. 

§ 7. The resistance of the materials of which any gal- 
vanic cell is made limits the current which it can produce. 
When the two metals are joined by the shortest and thickest 
wire practicable, the resistance of the circuit is practicaUy 
the internal resistance of the battery, and in most forms this 
is very considerable. In a sawdust Daniell it is often more 
than the resistance of a mile of No. S iron wire, the size 
usually employed for land lines of telegraph : a quarter of 
a mile of such wire is a small resistance for a Daniell's cell. 
The resistance of the Grove cell is much smaller. The 
resistance of a battery decreases as the size of the plates is 
increased, because this is equivalent to increasing the area 
of the cross section of the liquids, the resistance of which is 
from 1 to la million times as great as that <£ raetab of the 
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Take two cells of any battery, join them as in Fig. 53, 
tlie copper being connected to the copper and the zinc to 
the zinc. Cells thus joined are said to be joined in multiple 
arc. The two cells are exactly equivalent to a single cell of 
double the size. The %. m. f, produced is that of one cell ; 
the resistance is half that of one cell. Complete a circuit by 
inserting a galvanometer with a short thick coil between c 
and z ; the deflection obtained will be nearly double that 
which the one cell gives through the same galvanometer, 
because halving the resistance of the cell very nearly halves 
the resistance of the whole circuit. Next, make a circuit 





with one of the two cells and a (."il^ inometer with a c?m 
paritueiv long coil of fine wire reducmg the current so as 
to 1 -lie a convenient deflection by adding a resistance r if 
neces-iin K&A the second cell m multiple arc ; no visible 
change will be produced m the deflection because the resist- 
at ce of the circuit is now chieflv made up of that of the gal- 
vanometer and resistance r Diminishing the resistance of 
the bittery hirdl) liters the whole res stance and does not 
sensibly alter the current. Thirdly, join the two cells in the 
manner described in Chapter I. § 19, the zinc being joined to 
the copper as in Fig. 13 or Fig. 54. This manner of joining i,s 
described by the words ' in series.' Now complete the circuit 
with the fine wire galvanometer and R, as in the second expeii- 
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ment. The deflection will be nearly doobled. The resistance 
has been slightly increased by adding die second cell in series, 
but the resistance of the batteries is only an insignificant por- 
tion of the whole ; while therefore the resistance of the circuit 
has hardly been changed, the e. m. f, has been doubled by 
doubling the number of metallic junctions, and twice the 
E. M. F. with a constant resistance gives twice the current and 
twice the deflection. Fourthly, return to the thick wire gal- 
vanometer, complete the circuit through it with the two cells 
in series ; the deflection will be almost exactly the same as 
when one cell only is used, and only half that obtained when 
the two cells axe joined in multiple arc. When the two cells 
were joined in series the e. m. r. was doubled, but the resist- 
ance of the whole circuit was also nearly doubled and there- 
fore the current remained nearly the same as before. Thus 
we see that with a short circuit of small external resistance 
we can increase the current by increasing the size of cells, or, 
what is equivalent to this, by joining several cells in multiple 
arc. We can also increase the current by employing liquids 
of smaller specific resistance, but we cannot increase the 
current by adding cells in series. With a long circuit of 
great external resistance large cells or many of th in joined 
in multiple arc, will fail t gi 
may increase the current by j 

When the resistance oftl 1 
lat^e nor excessively small 
rest of the circuit the c 1 
adding cells in series and bj 
them in multiple arc. By tl 
the E. M. F. more than w 
latter process we sensibly d 
circuit, leaving the e. m. 

Cells joined in series a 
for intensity, and cells joi 1 
quantity. Tliese terms 
tlieory. 
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§ 8. The resistance of the gih anometer enipIo)ed to 

indicate a current in a circuit is a very matenal element in 

tlie circuit. A powerful current may be flowing from a 

large cell through a circuit ot small resistance If w e mtro- 

duce a galvanometer having a long coil of thm wire, we 

may by that very act d\minish the current a thousand fold. 

F f 11 resistante f,ihanometers of small re- 

b sed For circuits of large resistance 

gal Q f 1 ge resistance must also be used , not 

h h e IS any adxantage, but because we 

h 1 IOmeter adapted to indicate ver) small 

th 1 ving a \ ery large number of turns in the 

coU, and this involves necessarily a large resistance. 

§ 9. There are several forms of apparent resistance which 
are not resistances. 

When a current passes to or from a metal to a liquid 
electrolyte, a great apparent resistance occurs, i.e. the 
current is diminished by the change of medium much more 
than by a considerable length of either material. This 
resistance is sometimes said to be due to the polarisation 
of the metals dipped into the solution. This word polarisa- 
tion is sometimes very vaguely employed but apparently here 
it means that the pla ts of 

the decomposition o j^ oating 

produces a diminutio m ch of 

course affects the cu does 

not, however, appea d hi g g us to 

resistance. The etfec ng in 

the nature of a rec ca g ^-y is 

stored up, i.e. when al nt in 

tlie opposite directio th rf ssage 

from liquid to solid by a kind of rebound. It appears, there- 
fore, that the current has been diminished by the creation of 
an opposing electromotive force due to the arrangement of 
the elements into which the electrolyte itself has been 
decomposed. The terra resistance is, however, continually 
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applied to this cause of the diminution of a current even by 
those who are convinced that the diminution is not due to a 
true resistance. This false resistance or polarisation is easily 
observed. Make a circuit of a galvanometer, a copper wire, 
two Daniell's cells, and a couple of plates of one metal sepa- 
rated by water or any electrolyte. The deflection of the 
galvanometer during the first few mmtes will Ik fomrt tO 
decrease rapidly ; then if the cell be removed and the circuit 
closed, the two metal plates will send a current deflecting 
the ga an m d 

stronge fii d gr al g 

§ 10 Ti gi fl w d 



the re 
influen 



such n tu d ts 

send b th ty d p 

flowed th gu 

which d d rah 

stant ta tu 

resistance of the gutta percha is looked upon by some elec- 
tricians as its true resistance, inasmuch as it is the only part 
of the apparent resistance which follows Ohm's law ; the 
greater flow of current in the first instance is, according to 
this view, due not to a diminished resistance, but to an appa- 
rent absorption of electricity, as if by a number of condensers. 
Other electricians look upon this property of the solid 
insulator or electrolyte as quite analogous to the polarising 
property of the liquid electrolyte, and consider that the 
resistance of the material, as shown by the first current, is the 
true resistance and the subsequent diminution of current is 
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due to an opposing electromotive force. The former view 
appears to the writer to be the more tenable. 

This phenomenon is most easily observed mth the aid of 
a considerable length of wire insulated with india-nibber or 
gutta percha. Take, say, a mile of such insulated copper ivire 
as is used for submarine telegraph cables ; place it in a tub of 
water ; insulate one end ti of the wire and connect the other 
m through a galvanometer o with one pole of a galvanic 
battery c z of say 50 
cells. Connect the 
other pole ■ 
battery with t 
ter by a copper plate, ^ 
as m Fig 55 
gahanometer must 
have a coil with some thou'jand'i of turns of fine wire 
All the connercions mu-.t be carefullj insulated When 
all the other arrangements ha\e been completed the cir 
cult may be completed by joming the wires at m , this 
will be followed by a violent throw of the gahanometer 
needle, due to the rapid rush of the electnntj to char£;e the 
mre. When the needle comes to rest a steady deflection in 
the same direction will be observed, due to a current flowing 
from c through g and across the gutta percha sheath to the 
water and thus to z. This deflection will gradually diminish, 
until after an hour it may be two-thirds or half the original 
deflecdon. Call this final deflection x and the deflections 
at each minute after the wires at m were joined 

X + (7„ X + tfj, x+flj . . . x+aigij. 

Now remove the cell c z and substitute for it a metallic con- 
nection, as shown by the dotted line. This may be done by 
means of prearranged stops or keys so as not to disturb the 
insulation of any part. Then the charge in the wire will 
rush out through g, causing a violent throw in the opposite 
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direction to that produced by the charge and equal in amount. 
After this discharge has taken place a steady deflection will 
be observed in the same direction as that due to the discharge, 
and this deflection at the end of each successive minute will 
be equal to a^a^a^. . . a^^. It is assumed that a reflect- 
ing galvanometer is used, in which the deflections are pro- 
portional to the currents. The violence of the charge and 
discharge is such that in delicate experiments they are not 
allowed to flow through the galvanometer, but are conducted 
across between the terminals by what is termed a short 
circuit, being a connection of small resistance temporarily 
inserted. 

§ 11. Electricity is not only conducted from one body to 
another, by flowing as a current along a conductor ; it may 
also be conveyed or carried in a solid conductor, through 
such an insulator as air, from one place to another. When 
two conductors charged to very different potentials are 
brought close together, the attraction of the electricity is 
such that it tears off the metal or material in fine powder, 
and this powder springs across the intervening space, 
carrying with it a charge of electricity. The air or gas 
itself is also electrified by contact with the conductor, 
and helps to convey the electr city I ight and heat are 
evolved in the process apparently much as li^ht and heat 
are evolved when sparks are struck from steel Electric 
sparks thus produced are said to overcome the resistance of 
the air, but this resistance has nothmg in common with the 
resistance which is the subject of Ohm s Ian The laws 
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pi f t It ti t f t mui t ffi ly 1 f 
becomes great enough to break down the pressure of the 
air, and highly electrified particles of the conductor and of 
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air fly off tlie point. Every electrical spark seen is an illus- 
tration of this convectioD. Lightning is one example; 
another is the luminous brush which in the dark may be 
observed dischargnig the conductors of an electrical frir- 
tional machine. The air or gas heated by the spark pro- 
bably conducts some electricity, so that only part of the 
electricity passing in the spark or brush is transferred by 



§ 13. Rarefied .gases are found to be tolerably good 
conductors. The laws of their resistance to the passage of 
electricity have only lately been investigated, and are but 
partially understood. It is uncertain how far their resistance 
can properly be said to follow Ohm's law. According to 
recent experiments by Mr. Varley, conduction in rarefied 
gases does follow Ohm's law, but there is a very large 
resistance at the surface of contact between the attenuated 
gas and the metal conductor. This resistance is con- 
stant and prevents any current from passing until the e. m. f. 
employed exceeds a certain definite magnitude, which is con- 
stant for each material and degree of rarefaction. This is 
very analogous to what takes place in eleetrolytes, except that 
through these some current apparent!)' always passes whatever 
E. M. F. be employed, although no complete decomposition oc- 
curs until a certain definite e. m. f., constant for eacli electro- 
lyte, has been reached. Experiments showing the action of a 
partial vacuum can be made with Geissler's tubes, which can 
be bought at any respectable optician's. These glass tubes 
contain highly rarefied gases, and electrodes leading through 
the glass are employed as part of the circuit If a galvano- 
meter and an electric battery form part of the circuit no 
current will be observed until perhaps two hundred cells are 
employeii. Then the current passes with brilliant optical 
effects in the tube and the galvanometer is deflected. Induc- 
tion apparatus producing high electromotive force, such as 
the well-known Ruhmkorff s coil, may be employed instead 
of the galvanic battery. 
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CHAPTER V. 

ELECTRO-STATIC MEASUREMENT. 

§ 1. Our knowledge of electricityand magnetism is derived 
from observation of certain forces, and the comparison of 
currents, quantities, potentials, and resistances are all effected 
by a comparison of forces acting under various ciraim- 
stances. The measurement of forces requires fixed stand- 
ards of length, mass, and time, which will also serve as 
fundamental standards for all electrical measurements. The 

centimit}-e . . . gramme . . . secmid 
ate the three units of length, mass, and time which will be 
adopted in the present treatise. 

As stated in Chapter I. § 17, the unit of Force adopted 
by us is the force which will produce avelocity of one centi- 
metre per second in a free mass of one gramme by acting 
on it for one second. 

This unit of force = -00101915 x weight of a gramme 
at Paris. The weight of the gramme itself wherever we 
happen to he is the more common unit of force, but we shall 
find the so-called absolute unit more convenient in calcula- 
tions, and any result can be readily reconverted into tlie 
more familiar measure by multiplying it into the above 
coefficient, or dividing it by the number g8o-868. 

The unit of work is the work performed by the unit force 
moving over a distance of one centimetre ; it is equal to 
■00101915 centimetre grammes; in other words, to lift 
the weight of one gramme through one centimetre at Paris 
requires an expenditure of work equal to 980-868 of the units 
of work. 

§ 2. In what is termed electro-static measure the unit 
quantity of electricity is that which exerts the unit force on 
a quantity equal to itself at a distance of one centimetre 
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The unit difference of potential or unit electromotive 
force exists between two points when the unit of work is 
spent by a unit of electricity in moving from one to tlie 
other against the electric repulsion, described in Chapter I. 

The resistance of a conductor between two points is a 
unit if it allows only one unit of electricity per second to 
pass from one to the other when the unit of electromotive 
force is maintained between them. 

The system of electrical units as defined in this paragraph 
is called the electro-static absolute system, based 00 the cen- 
timfetre, gramme, and second. No special names have yet 
been given to these units. They axe the most convenient for 
use when dealing with the phenomena described in Chapter I. 
The equations expressing these definitions are given below 
in § 14. 

5 3. It is found by experiment that the force / with 
which, at a given distance d, two small electrified bodies 
repel or attract one another, is proportional to the product 
of the charges, q and ?,, upon them ; and further, that when 
the distance varies this force / is inversely proportional to 
the square of the distance d between them; it follows, from 
the definition adopted of force and quantity, that 

from which equation, if we observe the force, and make q 
either equal to q^, or to bear any known relation to it, we can 
determine the quantity q in absolute measure ; or vice va-s&, 
knowing q and ^ ne can determine what force they will 
exert at a gi e d tan e a , for instance, in moving the 
index of an 1 t o e The application of this equa- 
tion is limited o all \ X fied bodies. In any body of 
sensible size he n al ndu tion between the two electri- 
fied bodies would d u b th distribution of electricity over 
the surface, and change that distribution at every distance. 

§ 4. The quantity of electricity with which a given con- 
ductor in a p;iven place can be charged depends simply on 
the difference of potential between it and neighbouring con- 
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ductors, and if these neiglibouring conductors are uninsu- 
lated we may say that the charge will be simply proportional 
to the potential of the body charged; we may therefore 
speak of the capacity j of a given conductor for electricity, 
meaning thereby the constant quotient of the quantity on 
the conductor divided by its potential; or calling the quantity 
q, as before, and the potential i, we have 

t = "■ w 

The capacity of a sphere at a distance from all conductors 
is equal to its radius; that is to say, a sphere one mfetre in 
diameter will, when charged to the potential 6, contain 
6 X 50, or 300 units of electricity. 

The capacity ^i of a sphere of radius x, suspended in the 
centre of a hollow uninsulated sphere, radius _)', is 

The dielectric separating the two spheres is supposed to be 
air. The capacity of the internal conductor would change 
if any other dielectric were used. The capacity of a raetal 
conductor is independent of the metal employed. The 
phenomenon is more complex .when either solid or liquid 
electrolytes or insulators are used is the bodies to be charged. 
Equation (3) shows that when the distance between the 
two opposed conductors is d minished, so thatj — x becomes 
small, the capacity of the system la very much increased. 
This is equally obvious from the formula for the capacity of 
a large flat plate one side of which is near a similar un- 
insulated flat plate, and separited from it by air, while the 
other side is far removed from all conductors; in such a 
case, let a denote the distince between the metallic surfaces 
and let s be the capacity ^^r unit of area, then 

(tt here and elsewhere always means the ratio of the circumference 
to the diameter of a circle = 3-1416. The surface of a sphere ot 
radius unity is equal to 4ir.) 
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and in order to find the total capacity of the plate we may 
multiply J into the area of the plate with sufficient accuracy 
for practical purposes whenever a is small in comparison 
with this area ; a must be measured in centimfelres, and 
the surface in square centimetres This method is not ab- 
solutely accurate, because at the edges of the plates the 
electricity will not be uniformly distributed, as it wiU in the 
middle of the plate. By increisinj, the surface and diminish- 
ing a, we may increase indefinitelj the quantity which the 
plate or conductor will contain ■when raised to a given 
potential. The quantity with which the plates will be 
charged with a given potential is ? = j / as before. 

§ S. The arrangement of opposed conductors intended to 
give a laige capacity with comparatively small surface is 
termed a condenser. The capacity of a condenser depends 
on the dielectric separating the conductors. If for air we 
substitute gutta percha, the capacity will be increased about 
four and a quarter times. The coefficient by which the 
capacity of an air condenser must be multiplied in order 
to give the capacity of the same condenser when another 
dielectric is substituted for air is constantfor each substance, 
and is called the specific inductive capacity of the dielectric. 
It is a quantity of much importance in telegraphy, and will 
in this treatise be designated by the letter k. It has been 
approximately determined for a few substances. The fol- 
lowing table gives the numbers for these : 
Values of K. 



are approximate values only, and, i 
Gibson and Barelaj'. 











Beeswax . . 




Sulphur . . 
Shellac . . 

§ 6. The num 


ber 
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deed, extreme accuracy is unattainable on account of tlie 
following pecniiarity observed in all solid dielectrics. When 
one plate A of the condenser is first raised to the desired 
potential by contact, say with one electrode c of a galvanic 
battery, the other elec- 
trode z being in con- 
nection with the earth 
. or second plate of the 
; condenser as in F^. 56, 
a charge rushes in with 
great rapidity, but the 
entrance of the elec- 
tricity does not instantly cease, as is the case with an air 
condenser ; on the contrary, although it decreases very 
rapidly, the flow of electricity into the condenser does not 
cease for many hours. This phenomenon has already been 
described in Chapter IV. § 10 in its bearing o 
Similarly when the twc plat ' 'n d b 
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rate when subjected to a certain difference of potential, 
and yielding it all up again when the two plates were brought 
to one potential. A condenser with glass or paraffin be- 
tween the armatures has not. therefore, the same definite 
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capacity as an air condenser ; the capacity is generally 
understood to mean the capacity for receiving electricity from 
the first contact. When a condenser is discharged, if con- 
tact be not maintained between the armatures, the gradual 
restoration of this quasi absorbed charge raises the potential 
of the armature which had previously been highly chained, 
and accumulates upon it, so that on again making contact 
betiveen the armatures a second considerable discharge is 
given, and a succession of discharges of this kind can be 
obtained from a large condenser for several hours. These 
arc called residual discharges. The same law holds as to 
charges ; after charging the armature to a given potential, 
and leaving it insulated, the potential gradually falls, owing 
to the absorption by the glass or gutta percha ; then, on 
raising the potential of the armature afresh, by connecting 
it with the electrode cf a battery, a fresh charge can be 
poured into the condenser. This apparent absorption of the 
electricity by the dielectric is 'iaid by some writers to be due 
to polarisation cans d b h nfi 

dielectric; the word p d pp d 

to a great variety of p h g tl m 

These phenomen d b rv d 

consisting of a mil g p ir d b 

percha ; the copper n rma e 

percha be covered h ead m m 

done, this forms the th rm tur gi p h 

covered wire be pla d w b 

the second armature. With a sensitive galvanometer and 
a battery of 50 cells, or even less, all the phenomena de- 
scribed are easily observed. Condensers of smaller bulk 
and equal capacity can be obtained from the makers of tele- 
graphic apparatus. When the condenser is like a common 
glass Leyden jar of small capacity, and insulated with a 
hard material, the residtial discharges may be observed in 
the form of a succession of sparks after the jar has been 
charged to a high potential by a friction al machine. 
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. Let a small flat movable plate f, supported by the 
n of a wire nt n in Fig. 57, be placed flush with a much 
j.,g ^j larger flat fixed plate h h 

surrounding it on all 
sides, and let both plates 
be placed opposite and 
parallel to a third unin- 
sulated plate ^, then if a 
permanent difference of 
potentials be established 
in any way between g 
and the plates / and /;, 
the quantity of electricity 

per unit of area on the plate _/will be , and the elec- 

a,ir a 
tricity will be uniformly distributed over the plate/ and the 
electricity of the opposite sign will also be imiforraly distri- 
buted over the opposing surface of the plate g. The total 
force with which the plate/ is attracted by ^ will be 

Where M is the surface of the plate in square centimetres.' 
Apparatus can be constructed by which this force is actually 
measured, by weighing or otherwise, and this apparatus 
forms an absolute electrometer (Sir William Thomson's guard 
ring electrometer) by which we can determine the difference 
of potential i between the plates : i=.a / " ^f ■ f must 

M 

of course be expressed in absolute measure, Cha])ter V. § i. 
§ 8. Measured by apparatus of this kind, the ordinary 
Daniell's cell (one form of galvanic battery) is found to 
produce a difference of potentials between its electrodes 
equal to ■□□374. Experiment showed the attraction to be 

' Vide paper 'On the Mathematical Theory of Electridty in Equili- 
brium, by Sir W. Thomson. FhtL Mag, 1854, second half-year, and 
republished in 1872 in a volume entitled Electmstatks and Ma^e&m. 
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■057 grammes per square centimetre between discs separated 
by ■! centimetre, with a difference of potentials produced by 
1000 Daniell's cells. 

Hence, in equation (5), if the weighings had taken place 
in Paris, we should have had /= 980-868 x -057 ; but in 
Glasgow the force with which a gramme mass weighs is less 
than in Paris, so that /= 981-4 x -057 = 55-94; a = -r, 
and M ^ I ; substituting these values in our equation, we 
obtain z = 3-74 for 1000 Daniell's cells. 

Using this value in equation 4, we find that an air con- 
denser, with a square mfetre surface and the plates one 
raillimfetre apart, electrified by a thousand cells, would take 
a charge of loooo — ^-^ — = 2976 units. If the plates 

4 TT X □■! 

had been separated by gutta iiercha instead of by air, 
the charge on the plates would be 4-2 x 2976 = 12499, the 
coefficient 4-2 being the specific inductive capacity of the 
material taken from J 5. 

A ball, one centimttre in diameter, electrified by 1000 
Daniell's cells, would take a cliarge of -5 x 3-74, or iS-j 
units of electricity. 

From a knowledge of this quantity we may calculate the 
force on a similar ball similarly electrified, but so far off 
tiiat the electricity on each ball would remain almost 
uniformly distributed. Two such balls similarly electrified 
at a distance of one mfetre would repel one another with a 

force ^ .^ — '- '— — -00035 absolute units of force 

(equation i) or '000000357 grammes weight. When the balls 
are brought closer, the calculation of attractions or repulsions 
between them become exceedingly complicated, owing to tJie 
redistribution of the electricity on their surface. 

§ 9. The capacity of a long cylindrical conductor of the 
diameter rf and length l enveloped by a concentric cylin- 
drical conductor of the diameter d, and separated from it 
by an insulator with the specific inductive capacity k is 
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2 log, - 4-6052 log ^ 

(logs sigiiiiiea thai natural Ic^arithms are to be employed instead of 
Napiei-iaii logarilhms. j 

The length of the cylinder is assumed to be so great that 
tiie capacity of the ends may be neglected ; this formula is 
applicable to the insulated wire used for submarine cables. 
The capacity of one knot of the English Atlantic cable is 

4-2 X 6087 X 30-48 o y .- \. i 

s = ■ ^ ■■ - ■■ — ■ — '-, -^ 2 = 328000 (centimetres). 

4-6052 X log 3'28 * ' 

6087 is the number of feet in a knot, and 30-48 the number 

of centimetres in a foot ; yiZ is the ratio between the 

diameter of the gutta-percha and that of the wire conductor. 

It follows from the above, that the charge per knot of 

this cable when electrified by iqq Daniell's cells is -374 

X 328000= i2267oand every time thecable is charged or 

discharged this quantity per knot flows in and out ; thus if 

■01 second be occupied in charging zoo knots the mean 

3ngth of the current flowing for 'or second will be 



12670^ 



: 245340 units of current. 



§ 10. The term electric density signifies the quantity of 
electricity per square centimetre on a charged conductor. 
The equations (z), (3), and {4) allow us to calculate this for 
spheres and condensers with flat plates ; equation {4) is 
applicable to any form of condenser in which the curva- 
ture is not considerable relatively to the thickness a of the 
dielectric. It is applicable, therefore, to the ordinary Leyden 
jar, with the simple modification tliat the value obtained 
from it must be multiplied by the number expressing tlie 
specific inductive capacity of the dielectiic. The electri- 
cal attraction or repulsion, exerted on a small quantity q 
of electricity close to an electrified surface, is easily calcu- 
lated when the electric density on the surface p is knoivn. 
It is perpendicular to the surface, and in air is equal to 
4 T P ? = R ? (7) 
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«lieri, R lb the ekctrosiaiic force dose to the surface, i.e. the 
forcL which the charge would exert per unit of quantity on 
the small cliirge q. 

Between two parallel opposed conducting surfaces, differ- 
ing in potential by the amount i, and separated by a small 
distance compared with their size, the resultant electro- 
static force R tends to impel any small quantity of elearicity 
straight across from one surface to the other, in a direction 
perpendicular to th? surface, with a force/ which is constant 
in amount Retaining the [previous notation we have 

/=Rc=i? (S) 

The work done on q in crossing is/a = (' q. 

The electric density on a small sphere at a given potential 
is much greater than on a large one, for the capacity in- 
creases only as the radius, while the area increases as the 
square of the radius; hence an infinitely small sphere 
charged to any sensible potential would have an infinitely 
great electric density on its surface, and the force it would 
exert on electricity in its immediate neighbourhood would 
be infinitely great ; it would, in fact, repel its own parts 
infinitely, and we may therefore infer that it would be 
impossible to charge a very small sphere to a very high 
potential. This inference is justified by ex[>eriment. The 
distribution of electricity over bodies which have points or 
angles is such that the electric density becomes very great 
on these points, as it would on a very small sphere, even 
when the potential is not High, The result is a great 
repulsion of the electricity for itself, or rather a great re- 
pulsion between neighbouring parts of the matter charged 
with it ; we then frequently see the electrified matter 
passing off in the condition known as an electric spark, 
or as what is termed an electric brush. Anything tend- 
ing to produce a great density at any part of the surface 
of a charged conductor tends to produce the spark. Thus 
by approaching a finger to a char:;ed conductor, tlie density 
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IS increased by induction opposite the fiager, and may be in- 
creased sufficiently to produce the spark. Increased electric 
density by no means neccssanly implies increase of potential 
unless the form and position of the conductors are constant. 
§ 11. There is a real dimmution of air pressure against 
the surface of a charged conductor, due to the repulsion of 
the electricity for itself I his mechanical force can be 
made evident by electntym^, a soap bubble, which expands 
when electrified, and collap'ies when discharged. If the 
air-pressure per square centimetre be called/, we have 

/ = 2 ,r p« (9) 

The diminution of air-pressure required before a spark takes 
place between two slightly convex parallel plates has been 
tested by Sir William Thomson, with the results shown in 
the following table : 
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1-87 


5-49 
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2671 


2-30 


289 
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324-2 
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204 




I5''S 


6-,9 


■931 




.40-8 


969 


■8o5 


■'325 


131 


17 '35 


■696 



It is curious to observe that the electrostatic force is not 
constant, as might have been expected ; and that the electro- 
motive force required to produce a spark does not increase 
in simple proportion to the length of the spark, being less 
per unit of distance between the opposed surfaces for long 
yparks than for short ones. It follows from the measurement in 
§ 8, that 2,600 Daniell's cells would produce a spark of -0688 
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centimetres between two very slightly convex surfaces : by 
observing the length of spark, ■.vhich, under similar circum- 
stances, can be obtained, say, from a Leyden jar, we may 
roughly estimate the potential to which it has been charged. 
§ 13. The brushes or sparks which fly off from points 
cl'.arged to high potentials, show that in all apparatus in- 
tended to remain charged at a high potential, every angle 
aad point must be avoided on the external surfaces. It is 
easy to draw off, by a silent and invisible discharge from a 
point, by far the greatest part of the charge of a conductor 
without any direct contact with tlie discharging conductor : 
points are also spoken of as collecting electricity from any 
electrified body held in the neighbourhood ; their action is as 
follows : If attached to an insulated conductor, and held near 
an electrified body a, they become charged by induction with 
the opposite kind of electricity. This flies off in sparks, or 
by a silent discharge, and leaves the insulated conductor 
charged with the same electricity as that contained in a. This 
property of points explains the action of lightning conductors. 
Lightning is an enormous electric spark passing between 
two clouds, or from a cloud to the earth ; in the latter case 
the electrified cloud is attracted towards any prominence or 
good conductor, which becomes electrified by induction, and 
the spark of lightning passes when the difference of poten- 
tials is sufficient to overcome the mechanical resistance of 
the air. If the electrified prominence on the earth be 
armed with a point connected, by good conductors, such as 
large copper rods, with the earth, then, as soon as the po- 
tential of the point is raised even slightly, the electricity 
passes off from the point into the air; the prominence can 
no more be electrified highly by induction than a leaky 
bucket can be filled with water ; the electrified clouds are 
not attracted to the neighbourhood, and even should they 
be driven there in such quantity that the electricity flying 
offfi^m the point is insufficient to prevent a spark from 
passing, the spark will pass from the cloud to the point, 
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inasmuch as tlie electric density and attraction will be 
greater there tlian anywJiere in the neighbourliood. Elec- 
tricity conveyed by a good metal conductor to the earth 
does no harm, and leaves no trace of its passage ; whereas, 
a spark driven through an insulator or bad conductor, tears 
it to pieces on its passage; this fact may be verified by 
sending a spark through glass, which will be cracked and 
shivered, or througii paper, which will have a hole torn in 
it. The electromotive force required to produce mechanical 
results of tliis character is much greater than that required 
to open a passage through a corresponding thickness of air. 
We may, therefore frequently, prevent the passage of sparks 
between two conductors, by covering one of them with 
ebonite, glass, or other hard insulator. 

Sir W. Thomson has found that if a conductor with sharp 
edges or points is surrounded by another, presenting every- 
where a smooth surface, a much greater difference of poten- 
tial can be established between them without producing 
disruptive discharge, when the points and edges are positive, 
than when they are negative. 

§ 13. Tlie distribution of electricity over opposing sur- 
faces, when these are not of the simplest description, offers 
problems of extreme complication. Generally, we know 
that the density will be greatest where the opposing con- 
ductors are close together, and where they have angles or 
points, that it will increase directly as the difference of 
potential and directly as the specific inductive capacity of 
the dielectric. We must especially remember that the charge 
or electric density on opposed surfaces depends on differ- 
ence of potential, and not on absolute potential, so that on 
electrifying the outside of a charged insulated Leyden jar. 
we shall raise not only the potential of the outer, but also 
tliat of the inner coating ; from the same cause the charge 
of any condenser due to contact with two electrodes of a 
battery will be the same, whether one electrode of the battery 
be uninsulated or not, Le. the quantity which wil! flow from 



bv Google 



Ch.ip, v.] ElccU-o-static Measnreineiit. ioy 

one atmature to the other when joined \yill be unaltered, 
but the quantity flowing from either armature to the earth 
will depend on the potential of that armature. Any change 
in the total quantity of a charge on a conductor will change 
its potential as a change of its potential will change 
the charge. Putting a charged conductor in contact with 
another conductor at the same potential, will not alter the 
distribution of the charge in either ; but if two conductors 
at different potentials are brought into contact, there must 
necessarily be a redistribudon of the charge due to tiie inter- 
mediate potential assumed by the two bodies. Mr. F. C. 
AVebb in his treatise on electrical accumulation and con- 
duction, has given many instructive examples of the dis- 
tribution of electricity under different circumstances. The 
theory already stated explains his results. 

§ 14 The simple laws connecting potential, quantity, 
capacity, density, and electrical attraction or repulsion have 
now been stated, and the nature of the measurements has 
been indicated, by which potential, quantity, and capacity can 
be defined in terms of length, mass, and time ; a current is 
necessarily measured by measuring the quantity which passes 
per second, and resistances are expressed in terms of that 
resistance which would allow the unit current to pass in the 
unit of time, with the unit electromotive force acting between 
the two ends of the wire. To give some idea of the 
material representation of units of this kind, it may be stated 
that this resistance would be represented by about one 
hundred million kilometres of mercury at o° Centigrade, in 
a tube, the sectional area of which was one thousandth of a 
square millimetre ; electricians when they measure the resist- 
ance of the gutta percha envelope of a mile of cable, ob- 
seri'S resistances of about ^j^th of this magnitude ; approxi- 
mately the insulation resistance of one foot of gutta-percha 
covered wire is of about this magnitude. The unit of current 
is such as would be given by a battery of about z68 Daniell's 
cells through the above resistance. The unit quantity of elec- 
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tricity is that on a sphere two centimfetres diameter, elec- 
trified by one pole of 268 Daniell's cells in series, the other 
j^iole being in connection with the earth. This quantity 
discharged per second would give a current equal in 
strength to that flowing through the long mercury conductor 
or gutta percha envelope from the 268 cells. This series of 
units is called the electrostatic absolute centimfetre-gramme, 
second series. This electrostatic series is the most con- 
venient for calculations concerning electricity at rest, but 
when treating of currents and magnets, a distinct series of 
units is used ; this double series of units involves no greater 
inconvenience than the use of the chain, acre, and rod for 
surveying, while the inch, foot, and square inch are used to 
describe machinery. 

§ 15. The four principal electrostatic units are directly 
determined by four fundamental equations ; from equation 
(i), § 3, we havey= ^^ 1 *rom which, if y, = y, we directly 

find the unit of quantity in terms of the unit of force; we 
know by the definition of potential that the work so done 
in conveying the quantity q of electricity between two 
points at potentials differing by the amount ;' is equal to 
q i or 

.■=f (.0) 

This gives the tmit difference of potentials in terms of q and 
the unit of work; by definition § 14 the current c = -^ 

where q is the quantity passing in the time /, and from this 
equation we obtain the unit of current in terms of q, and the 
unitoftime; from Ohm's law r = -^, by which we obtain 

the unit of resistance in terms of i and c. 

Finally, the unit of capacity is directly derived from that 
of potential and quantity ; the unit of density from that of 
surface and quantity. 
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If the capacity of a conductor be called s, we have f = -C , 

where g is the quantity with which it is charged by the 
electromotive force /. 



CHAPTER VI. 



§ 1. A MAGNET in the popular acceptation of the word is a 
piece of steel, which has the peculiar property, among others, 
of attracting iron to its ends. Certain kinds of iron ore 
called loadstone have the same properties. 

If a magiiet a be free to turn in any direction, the pre- 
sence of another magnet b will cause a to set itself in a 
certain definite position relatively to b. The position whicli 
one magnet tends to assume relatively to another, is con- 
veniently defined in terms of an imaginary line, occupying 
a fixed position in each magnet, and which we will call the 
magnetic axis, The greatest manifestation of force exerted 
by a long thin magnet, is found to occur near its ends, and 
the two ends of any one such magnet possess opposite 
qualities ; this peculiarity has caused the name of poles to 
be given to the ends of long thin magnets. These poles 
are commonly looked upon as centres offeree, but except 
in the case of long, infinitely thin, and uniformly magnetised 
rods tliey cannot be considered as simple points exerting 
forces ; nevertheless, the conception of a magnet as a pair 
of poles, capable of exerting opposite forces, joined by a 
bar exerting no force, is so familiar, and in many cases so 
nearly represents the facts that it will be employed in 
this treatise. The magnetic axis, as above defined, is the 
line joining the two imaginary poles. 

5 8. Every magnet, if free to turn, takes up a definite 
position relatively to the earth, which is itself a magnet. The 
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pole, which in each magnet turns to the north, wilL by us be 
called the north pole of the magnet. The other pole will 
be called the south pole. Tlie two north poles of any two 
magnets repel one another; so do the two south poles ; but 
any north pole attracts atiy south pole. Hence, the north 
pole of a magnet is similar in character to the south end of 
the earth. The pole which is similar to the south end of 
the earth is sometimes called the positive pole ; the other, 
which we call the south pole of the magnet, is the negative 
pole. When a magnet is broken each piece forms a com- 
plete magnet with a north and south pole, 

§ 3. Thej/r^/^^of a pole is necessarily defined as propor- 
tional to the force which it is capable of exerting on another 
given pole; hence the force/ exerted between Iwo poles of 
the strengths m and m^ roust be proportional to the product 
m /«,. The force/is also found to be inversely proportional 
to the square of the distance d, separating the jJoles, and to 
depend on no other quantity ; hence, choosing our units 
correctly, we have 

/= ^ (.) 

The strength of a pole is a magnitude which must be 
measured in terms of some unit When in the above 
equation we make/aod d both equal to unity, tlie product 
m mi must also be equal to unity hence from equation (i) it 
follows tliat the unit pole is that luhich at the unit distance 
repels another similar and equal pole with unit force. 

/will be an attraction or a repulsion according as the 
poles are of opposite or similar kinds. The number m is 
positive if it measures the strength of a north pole and 
negative if it measures the strength of a south pole ; hence an 
attracting force will be affected with the negative sign, and 
a repelling force with the positive sign. 

§ 4. We observe that the presence of the magnet in some 
way modifies the surrounding region, since any other magnet 
brought into that region experiences a peculiar force. The 
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neighbo irhood of a magnet is often for convenience called 
1 mf^ttic field ; and for the same reason the effect pro- 
duced by a magnet is often spoken of as due to the mag- 
netic tield instead of to the magnet itself. This mode of 
expression is the more proper, inasmuch as the same or a 
similar condition of space is produced by the passage of 
eleLtric currents in the neighbourhood, without the presence 
of a macnet Since the peculiarity of the magnetic field 
consists m the presence of a certain force, we may numerically 
express the properties of the field by measuring the strength 
and direction of the force, or, as it may be worded, the 
iiUmstty of the field, and the direction of the lines of force. 

This direction at any point is the direction in which the 
force tends to move a free jiole ; and the intensity h of the 
field is delined as proportional to the force f, with which 
it acts on a free pole ; but this force / is also proportional 
to the strength m of the pole introduced into the field, 
and it depends on no other quantities ; hence, 

/=»H [^) 

iind therefore the field of unit intensity will be that which 
acts witli unit force on the unit pole. 

§ 5. The lilies offeree produced bya long thin bar magnet 
near its poles radiate from the poles ; the intensity of the 
field is equal to the quotient of the strength of the pole 
divided by the square of the distance from the pole; thus 
the unit field will be produced at the unit distance from the 
unit pole. 

In a uniform magnetic field, the lines of force will be 
parallel ; such a field can only be produced by special 
Combinations of magnets, but a small field at a great 
distance from the pole producing it will be sensibly 
uniform. Thus in any room unaff'ected by the neiglibour- 
hood of iron or magnets, the magnetic field due to the 
earth will be sensibly uniform ; its direction being that 
assumed by the dipping needle. The dipping needle is a 
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long magnet supported in such a way as to be free to take 
up its position as directed by the earth, both in a horizontal 
ani ve cal pi ne t equ es o be very perfectly balanced 
before be ng n agne sed otherwise gravitation will prevent 
f on f eelj obey n^ the d ecting force of the earth's 

§ 6 We c n never really have a single pole of a magnet 
en e! f ee o d scon ec ed f om its opposite pole, but from 
the effect which would be produced on a single pole it is 
easy to deduce the effect produced by a magnetic field on a 
real bar magnet. In a tiniforra field, two equal opposite and 
parallel forces act on the two poles of the bar magnet, and 
tend to set it with its axis in the direction of the force of the 
field. This pair of forces tending to turn the bar, but not 
to give it any motion of translation, constitutes what is 
termed in mechanics a couple. When the magnet is so 
placed that its axis is at right angles to the lines of force 
in the field, this couple G is proportional to the intensity of 
the field h, the strength of the poles m, and the distance 
between them / ; or 

o = „,/H (3) 

The product m I \% called the magnetie moment of the 
magnet ; and from equation {3), it follows that the moment 
of any given bar magnet is measured by the couple which it 
would experience in a field of unit intensity, when it is 
placed normal to the lines of force. A couple is measured 
by the product of one of its forces multiplied into the 
distance between them. The intensity of magnetisation of a 
magnet is the ratio of its magnetic moment to its volume. 

§ 7. When certain bodies (notably soft iron) are placed 
in a magnetic field they become magnetised, the axis joining 
their poles being in the same direction as would be assumed 
by the axis of a free steel magnet in the same part of the 
field. Thus if the small pieces of soft iron n s are magnet- 
ised by the action of the magnet n S producingthelinesof 
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force shown in Fig. 58, tlie north pole will be near n, the 
south pole near s in each case. Magnetisation when pro- 
duced in this way is said to be induced, and the action is 
called magnetic induction. The intensity of the magnetisa- 
tion (except when great) is nearly proportional to the in- 
tensity of die field. We have seen in Chapter III. § 13, that 
soft iron, round which a current of electricit}' circulates, 
becomes magnetised. When, therefore, we can calculate the 
intensity of the magnetic field which we now see is produced 
by the electric current, we shall be able to calculate the 
intensity of magnetisation of the soft iron core. When the 
magnetisation approaches tlie limiting intensity which the 
soft iron is capable of receiving, it always falls short of that 
calculated on this principle. 

Bodies in which the direction of magnetisation is the same 
as that of the field are termed paramagnetic. Iron, cobalt, 
and nickel, chromium and manganese, are paramagnetic ; 
some compounds of iron are also paramagnetic Some 
of these bodies retain their magnetism, so that we can 




have an independent nickel magnet. Iron is capable oJ 
much more intense magnetisation than nickel, but nickel 
approaches iron in this respect more nearly than any other 
material. Certain other materials, such as bismuth, anti- 
mony, and zinc, are magnetised by a magnetic field, so that 
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the direction of magnetisation is opposite to that of the 
field : they are called diamagnetie. None of these bodies 
can be so intensely magnetised as iron, nor do they retain 
their diamagnetism when removed from the field. 

5 8. One consequence of magnetic induction is that wlien 
a number of similar magnets are laid side by side we obtain 
a compound magnet stronger indeed than any of the com- 
ponent magnets, but much less strong than the sum of the 
strengths of the separate magnets used. For when a magnet 
N s is brought near another n' s', as in Fig. 59, the north pole 
N tends to induce a south pole at n' and similarly n' tends to 
induce a south pole at n. The result is that n and n' by 



their mutual action weaken one another, if n be sufficiently 
strong relatively to n', it may actually reverse the polarity ot 
the weak magnet. If on the other hand two equal magnets 
are placed, as in Fig. 60, n and s' mutually strengthen one 
another by induction, but since they tend to induce opposite 
and equal magnetic fields the result is to weaken the re- 
sultant field in the neighbourhood, and if the magnets are 
allowed to touch, the strength of the field will be reduced 
to an insensible amount. When the magnets are not equal 
the weaker magnet will reduce the strength of the magnetic 
field due to the stronger. 

§ 9. When soft iron is magnetised by being placed in a 
magnetic field a sensible time elapses before it assumes the 
maximum intensity of magnetisation which the field will 
produce. Similarly, when the bar of soft iron is withdrawn 
from the field it does not lose its magnetism instantly ; the 
magnetism decreases as gradually as it increased, and in 
almost all cases some traces of magnetism will remain for 
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hours or perhaps for ever after the iron has been withdrawn 
from the magnetic field. This remnant of magnetisation is 
often called residual magnetism ; most ordinary pieces of iron 
show residual magnetism very distinctly, especially in large 
masses ; but very perfectly annealed iron of certain qtiahties 
siiows very little, and is valuable on that account in the con- 
struction of telegraph instruments. The cause of this phe- 
nomenon IS called coercive force. The slowness with which 
iron m any mass gains or loses its magnetism is a serious 
impediment to the construction of quick-working telegraphic 
apparatus The term ' soft iron ' is applied to denote iron 
which ioaes its magnetism rapidly, or in other words iron 
which lias little coercive force. 

§ 10 The conception of electric potential has been ex- 
plained at length ia Chapter 11. Magnetic potential is an 
analogous conception. If we move a single magnetic pole 
tiom one point to anolhei of the magnetic field, we shall 
find that the forces in the field perform worii on the pole, or 
that they act as a resistance to its motion according as the 
motion IS with, or contrary to, tire forces acting on the pole; 
if the pole moves at right angles to the force, no work is 
done. 'J"he difference of magnetic potential between any two 
points of the field is measured by the work done by the 
magnetic forces on a unit jwle moved against them from 
the one point to the other, supposing the unit pole to 
exercise no influence on the field in question. A point 
infinitely distant from the pole of any magnet must be at 
zero magnetic potential, and hence the magnetic poimtial of 
any point in the field is measured by the work done by the 
magnetic forces on a unit pole during its motion from a 
point infinitely far off from aii magnets to the point in 
question, with the same limitation as before. 

An equipotential surface in a magnetic field is a surface 
so drawn that the magnetic potential at all its points shall be 
the same. By drawing a series of equipotential surfaces, cor- 
responding to the potenti:il-- T, ^, 3 . . . «, we may map 
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oul any magnetic field so as to indicate its properties. The 
iitiit poie in passing from one sucli surface to the next against 
the magnetic forces will always perfunn one unit of work. 

The direction of the magnetic force at any point is per- 
pendicular to the equip o ten tial surface at that point ; its 
intensity is the reciprocal of the distance between one sur- 
face and the next at tliat point ; i.e. if the distance from 
surface to surface be \, measured in units of length, the in- 
tensity of the field will be 4. 

§ 11. The magnetic field may be mapped out in another 
manner : this second method is due to Faraday. 

Let a line whose direction at each point coincides with that 
of the force acting on the pole of a magnet at that point be 
called a line of magnetic force. By drawing a sufficient 
number of such lines we may indicate the direction of the 
force in every part of the magnetic field ; but by drawing 
them according to a certain rule we may also indicate the 
intensity of the force at any point as well as the direction. It 
has been shown' that if, in any point of their course the 
number of lines passing through a unit area is proportional 
to the intensity there, the same proportion between the 
number of lines in a unit of area and the intensity will hold 
good in every part of the course of the lines. 

If, therefore, we space out the lines so that in any part 
of then course the number of lines which start from unit of 
area is numerically equal to tlie number measuring tlie in- 
tensity of the field there, then the imtensity at any other part 
of the field will also be numerically equal to the number of 
lines which pass through unit of area there ; so that each 
line indicates a constant and equal force. 

The lines of force are everywhere perpendicular to the 
e quip oten tial surfaces ; and the number of lines passing 
through unit of area of an equipotential surface is the re- 
ciprocal of the distance between that equipotential surface 

' Vide Maxwell on ' Faraday's Lines of Force,' Cambridge Phil. 
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and the next 1 order — a statei lent made abo\e in slightly 
different language 

§ 12. In a uniform field the hoes of forLe are straight, 
parallel, ani equidistant and the equ) potential surfaces are 
planes perpendicular to the lines of force and eiudistant 
from each other 

If one raignetic pole of strength m be alone in the field 
its lines of force are straight lines radntmg from the pole 
equally in all directions and their number is 4 tt m The 
equi potential surfaces are a seiies ol spheres whose centres 
are at the pole and whose radu are / ^m \m \}n Ir. In 
other magnetic arrangements the lines "mA surfaces are 
more complicated 

Since a cunent eierts ^ force on the pole of a magnet 
in its neighbourhood it may be said to produce a mag- 
netic field, and we ma\ drav mi^nttic lines ot force and 
equipotential surfaces depend ng on the form of the circuit 
conveying the current, and the strength of that current. 
When the current is a straight I ne of ndefinite length like 
a telegraph wire a magi etic pole m its neighbourhood is 
urged by a force tending to turn it lound the wire so that at 
any given point the lorce is perpend cuHr to the plane pass- 
ing through this po nt and the axis of the current 1 he equi- 
potential surfaces are therefore a series of plat es passing 
through the axis of the current and inclined at equal angles 
to each other. If the unit current be defined as thai current., 
the unit length of which acts 7vitk unit force on the unit 
magnetic pole at the unit /^stance, then the number of the 
equipotential planes surrounding the wire is 4 t ^ where 
.; is the strength of the current. Thus if the strength c 
were 1909 we should have 24 such planes ; if x ,; is not 
a whole number, c must be expressed in units so small that 
the error involved in taking the nearest whole number 
may be neglected. The lines of magnetic force are circles 
having their centres in the axis of the current and their 
planes perpendicular to it. The intensity b of the magnetic 
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force at a distance k from the current is the reciprocal 
of the distance between two equipotential surfaces ; ive have 

therefore " = ^ 4°. 

§ 13. In most telegraphic instruments magnets or soft 
iron armatures are moved by forces due to the passage of 
electric currents in certain wires. The apparatus should be 
seiisilive so that it may be worked even by feeble currents ; 
in designing the apparatus it should therefore be our en- 
deavour so to arrange the wire conveying the current as to 
produce the most intense magnetic field which that current 
is capable of producing, and to place the magnet or soft 
iron acted upon in the most intense part of that field. By 
so doing, and by reducing the forces opposing the motion 
of the soft iron or magnets as much as possible, we render 
the apparatus as sensitive as it can be made. 

When the magnet to be moved or acted upon is large it 
will occupy a large portion of the magnetic field, and will 
therefore experience a larger force than if it were small ; but 
tlie force which it experiences per unit of volume can seldom 
if ever be made so great as when the magnet itself is small, 
for a small and intense magnetic field can be produced with 
a much less current than a large and equally intense mag- 
netic field. Hence, we find all very sensirive apparatus 
characterised by small moving parts. The inertia of large 
masses is also injurious in all rapidly moving parts, for not 
only are the large masses acted upon with less force, but 
owing to the increased distance of the greater portion of 
their bulk from the axis on which tliey must oscillate their 
moment of inertia is increased even more than their bulk. 

Similarly, when a wire conveying a current, or a magnet, 
or a soft iron armature is to move under the influence of a 
magnet, it must be our aim so to arrange that magnet as to 
produce the most intense magnetic field possible at the 
spot where the moving piece is placed. 

The mapping out of magnetic fields due to difteient 
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loi lis of magi et and different arrangements of wires con- 
veying currents lias therefore a great practical interest for 
the electr ciin 

% 14 The poles of a magnet are not at its extremities, but 
generilly 1 little way from the end. It is not necessary that 
a magnet should be magnetised in the direction of its length; 
a bar may be magnetised transversely or indeed in any direc- 
tion. Some magnets have more than one pair of poles. 

If a long thin magnet be broken each part becomes a 
distinct magnet having its axis in the direction of the old 
axis ; from this ii appears that all parts of the magnet are 
in some peculiar polarised condition, and the actual poles of 
any given magnet are simply the result of the combination 
of all these polarised parts. 

A piece of soft iron which is a magnet by induction can 
^ain induce magnetism in another piece of soft iron : thus, 
a magnet may sustain a long string of nails each hanging to 
its neighbour. This chain of nails has its pair of poles near 
the ends of the first and last nails in the series, and affords 
an example of what is meant by saying that all parts of a mag- 
net are in a polarised condition ; each nail when detached 
from the series will remain a magnet for some little time in 
virtue of its coercive force § 9. If a magnet be plunged 
in iron filings and withdrawn, these adhere most abundantly 
near the poles. They stand out from the magnet in tufts, 
largest where the field of force is strongest, that is, near the 
poles, and the direction of the chains or strings which they 
form corresponds to the direction of the lines of force; each 
separate filing becomes a small magnet for the time being. 

§ 15, Magnets are made from one another by taking 
advantage of this coercive force, which is found to be greatest 
in hard steel. A piece of steel may be magnetised by 
being stroked once or twice in the same direction by a 
powerful magnet, or even touched at one end by that 
magnet. Better results are obtained by placing the two 
opposite poles of equally strong magnets in the centre of 
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the bar to be magnetised, and drawing lliem simultaneouslj 
away from the centre to the two ends. This operation is 
repeated two or three times, and the bar then turned over 
and treated in a similar way on the oilier face. The bar 
magnets may, with advantage, incline from one another 
while being draped apart. A still more complete magneti- 
sation is given by placing the bar a b between two powerful 
magnets n s and n' s' as shown, and then drawing the oppo- 



site poles oftwoothermagnetsfromthecentreof A B towards 
the ends. There are other methods of preparing magnets 
but they all consist in placing every part of a bar of steel in 
the strongest possible magnetic field and trusting to the coer- 
cive force of the steel to retain the induced magnetism. 

§ 16. The name electro-magnet is given to a magnet 
formed of a rod or bundle of rods of wrought iron, round 
which an electric current circulates in a coil of wire, as in 
Fig. 40. The electric current so arranged produces an 
intense magnetic field, and the most powerful magnets are 
produced in this manner. It is found tliat there is a limit 
to the amount of magnetism which in this way or any other 
can be induced in soft iron; when this limit is approached, 
the soft iron is said to be saturated with magnetism. Steel 
is sooner saturated than wrought iron; and as it resists the 
acquisition of magnetism more than soft iron does, so it 
retains more of the magnetism it acquires. This resistance 
to magnetisation is also attributed to coercive force. Electro- 
magnets can be made of any form. The two most c 
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are tlie straight bar, in which the poles are as far apart as 
possible, and the horse-slioe, in which ihey are brought close 
together. 

A piece of soft iron joining the poles of a magnet is 
called an armature; it adheres to the poles and diminishes 
very much, while in its place, the intensity of the magnetic 
field in the neighbourhood. An electro-magnet formed as a 
complete ring produces no sensible magnetic field in its 





neighbourhood; nevertheless, although without poles, it is 
certainly a magnet, and produces many of the magnetic 
phenomena. A series of equal magnetii arranged (as in 
Fig. 63) so that the north pole of each is in contact with 
the south pole of its neighbour will also produce no magnetic 
field. An armature is found to diminish sensibly the loss 
of magnetism which is continually taking place in ordinary 
steel magnets. The armature is used to suspend weights 
from horse-shoe magnets, as in Fig. 62, 

§ 17. The strength m of the poles of a long soft 
iron bar of one square centimetre section held horizon- 
tally in the magnetic field due to the earth alone in Eng- 
land will be equal to about -171, y. 32-8 or .i;'74 units. 
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each pole would attract a pole of opposite name witii a 
force/ = — — , so thai if the tiistanc^ between the poles 

were one mfetre, the force exerted would be ^J.^ — "a^ 

= 32-9 X 10"' = -00339 absolute units of force equal to 
the weight of '0000517 grain. In order that this should 
be even approximately triie the prism must be so long that 
the magnetisation of the middle does not interfere with that 
of the end. We should be able to calculate the strength of 
the poles of any bar short or long if we were able to find 
the magnetic effect produced b)- a series of equilly maE;netised 
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elements m 1 row Let the bhck p-irt ot each element 
represent a southern pole ind the white part a northern 
pole, then if each element were so mignetised that the 
black and white parts were symmetncal and if the strength 
of each pole were a certain multiple of the intensity of the 
field, then «i would exactly cancel s^ ; n^ would cancel Jj, 
and so forth, leaving s at one end and n at the other at 
h ff ■ p 1 f h m b t n f t th t" f 



T g PP ' 

to all long thin bars the cross section of which is small 
compared with one-twelfth of their length; thus our bar 
of one centimetre cross section would have to be at least 
five or six metres long before the formula would apply. 

The magnetic moment {§ 6) of a long thin bar is, it H f I, 
where h is the intensity of the field, s the cross section of 
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the bar, I its length, and k the coefficient of. magnetic induc- 
tion; the magnetic moment of a sphere in the same field 
will be 

>^«r^ia- ■ • « 

and from this formula the intensity of magnetisation of a 
given piece of steel or other raetal can easily be calculated 
iik be known, or k may be determined from actual obser- 
vation of the magnetic moment. 

§ 18. The coefficient k is constant only for low magnetic in- 
tensities, and gradually diminishes according to an unknown 
law as the maximum intensity for each material is approached. 
The maximum intensity of magnetisation for iron can be 
obtained from an experiment by Dr, Joule, who found that 
the maximum attraction he could produce between an 
electro-magnet and its armature was zoo lbs. per square inch 
of surface. Calling this maximum attraction f, the intensity 
/, and A the area of the surfaces between which the attraction 
is exerted, we have, when the distance between the surfaces 
is very small 

F = «.'A ... (6) 

2O0 lbs. per square inch is 14061 grammes per square centi- 
metre, or about 13,800,000 absolute units of force per square 
centimfetre. Giving this value to f in the above equation 
when A is unity, we find for i the value of about 1490, as the 
maximum intensity of magnetisation of which iron is cap- 
able. If the value of 32-8 ^ were constant, a magnetic field 
of the intensity of about 45 would be sufficient to magnetise 
iron to saturation. Probably k can only be regarded as 
sensibly constant while the magnetisation of the iron is 
below one quarter of its maximum value, and from some 
experiments by MiiUer ' we might infer that the value of k 
near the point of saturation is about one-third of the value 
given above, so that a field of magnetic intensity equal to 

' Vog%. Ann. vol. Isiix. iSso. 
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about 135 would be required to give an electro-magiiel 
the maximtim possible strengtii. 

§ 19. The relative intensity of magnetisation in the same 
field for different substances has not been very fully studied ; 
in other words, the values of k for different materials and 
different va.lues of i are not well known. The following 
table is deduced from relative values obtained by Barlow, 
to which I have added nickel and cobalt, from relative 
values given by Pliicker : 

Soft wrought iron . 32-8 Soft cast steel . 23'3 

Cast iron . . .23 Hard cast steel . 16-T 

Soft steel , . . 21-6 Nickel . . 15-3 

Hard steel . . 17-4 Cobalt . . 32*8 

These values can only be approximately true. A complete 

table of the values of k wotild require to contain a set of 

values for each material, and each value of i ; whereas the 

value of i for whicJi the above values hold good is not 

known. The maximum intensity of magnetisation for hard 

steel is less than for soft iron, and from some experiments 

of Pliicker,' it appears that this difference is about 37 per 

cent., but a much greater intensity of field is required to 

produce the maximum of magnetisation. 

With small values of t, the value of i for nickel was found 
by Weber to be five times that of iron, but with higher values 
of i it rapidly became smaller than for iron, reaching a 
maximum when i is about 30, increasing after this only about 
2 per cent, when i was doubled. 

§ 20. According to experiments made by Pliicker I 
estimate the value of i for water at 

-10-65 X io-«. 
The following values of k for different diamagnetic sub- 
stances are calculated on this assumption from relative 
values obtained by Pluckeri 

Waiet — 10*65 " ">'' 

Sulphimcadd(spec.grav. 1-839) ■ - 6(( >. lO"' 

' I'°gS> Ann. vol. xciv, 
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Mercury - 33-5 >■ lO"' 

Phosphorus - 18-3 x lo"' 

Bismuth — Z50 « 10 6 

From an observation by Weber, the value of k for bismuth 
is about — 16-4 X 10"*^. 

These figures are given to show very roughly the relative 
value of Kiagnetic and diamagnetic action ; they carmot be 
relied upon as even approximately true. Different observers 
give different relative values of k, differing twenty for the 
same substance. It must also be remembered that they 
are intended to indicate the value of k for equal volumes, 
not equal weights, of the substances. 

§ 21. It follows from equation (6) above, that the attrac- 
tion between a magnet and its keeper or armature is propor- 
tional to the square of the intensity of the magnetisation, and 
therefore in an electro -magnet to the square of the current 
multiplied into k. 

It also follows that where the intensity of magnetisation 
is the same throughout the mass of iron, the attraction will 
be simply proportional to the cross section of the iron. The 
object of increasing the length of an electro-magnet is to get 
a uniform field and to place the poles so that they do not 
interfere with one another. 

By rounding or pointing the ends of a magnet, a more in- 
tense magnetisation is produced at the ends than elsewhere ; 
hence a greater attraction per square centimfetre of surface. 

The attraction between a magnet and a keeper is directly 
proportional to the intensity of the magnetism induced in the 
keeper, if the keeper does not by its mass or great intensity 
of magnetisation react on the magnet, altering its intensity. 
The relative attraction of a large magnet for small volumes of 
different substances does therefore truly measure die relative 
values oik for each substance, if the volumes are the same 
and the intensity of the magnetic field the same throughout 
all the volume; but these values of k are almost useless 
unless the value of / in absolute measure is also determined. 
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CHAPTER VII. 

MAGNETIC MEASUREMENTS. 

5 1. Before proceeding to study fiirtlier the laws of the 
action of currents upon currents, it is convenient to examine 
the methods by which the forces exerted by magnets one 
upon anotiier can be definitely measured or expressed in 
numbers depending solely on the centimetre, gramme, and 
second of time. To do this, we require to measure 
two things only : ist, the intensity or strength, r, of 
magnetic field which a given magnet or arrangement of 
magnets produces at a given point, and, the magnetic 
moment, m = ml, of the magnet which is acted upon by the 
assumed magnetic field. Knowing these two quantities, we 
can, in virtue of the laws already stated, calculate the couple 
experienced by the magnet in the field. The simplest expe- 
rimental determination of the magnetic strength of a field 
requires that the field shall be sensibly uniform throughout 
the space in which the experiment is to be tried. The 
magnetic field due to the earth is sensibly uniform within 
the space occupied by the experiment, and after giving a 
general description of the magnetic field due to the earth's 
magnetism, we will jjroceed to examine how its intensity is 
to be measured. 

§ 3. The direction of the lines of force in this field is not 
horizontal except at some places near the equator. The 
earth may be (very roughly) conceived as a large bar magnet, 
and Fig. 58 shows that the lines of force are parallel to the 
axis of the magnet only at points half-way between the 
poles. The inclination of the lines of force at any place to 
the plane of the horizon is called the dip or magnetic infcli- 
nation at that place. If a magnet were suspended by its 
centre of figure, and were free to assume any direction, it 
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would not remain horizontal, but its axis would lie in the 
direction of the lines of force ; in tlie northern hemisphere 
its north pole would point downwards, and the angle which 
this axis makes with the horizontal plane is the dip or in- 
chnation. 

The lines of the earth's magnetic force do not usually 
lie in planes running due north and south. The vertical 
plane in which they lie at a given place is called the magnetic 
meridian of that place ; the magnet points to the magnetic 
north. This magnetic north is not any one point, i.e. the 
magnetic meridians at different parts of the earth's surface 
do not cut at one point as the true meridians do. 

dsof 
F the 



S 3. Ihe decimation and dip, or mclmation, not only vary 
from place to place, but also at any one place from hour 
to hour and from day to day. There are some irregular varia- 
tions, but there are others which are evidently periodic. 

1. There are secular variations, the duration of which is 
not accurately known. In 1580, the declination at Paris 
was 11° 30' E. ; in 1814, this had become 22° 34' W., and 
since then the needle has gradually returned towards the E.; 
in 1865 the declination was iS° 44' W. In certain parts of 
the earth the magnetic and geographical or true meridians 
coincide ; these points may be joined by an imaginary line, 
called the agenicWnt, or line of no variation. 

2. There are annual oscillating variations of declination 
not exceeding 15' or 18', and varying at different epochs. 

3. There are diurnal oscillating variations of declination 
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anicunting at Paris on some days to about 25 , on others, 
not exceeding 5'. 

4. There are accidental variations or perturbations said 
to be due to magnetic storms. These variations occur with 
great rapidity, causing deflections to the right and left, com- 
parable in their rate or period of alternation with ordinary 
telegraphic signalling ; accidental variations of 70' have 
been observed. 

The dip also varies from place to place ; it is greatest in 
the polar regions, being 90° at the magnetic pole. At a 
series of points near the equator there is no dip ; the line 
joining these is called the magnetic equator. In tlie southern 
hemisphere the direction of the dip is reversed, the south 
pole pointing downwards. Lines connecting places where 
the dip is equal are called isoclinic lines. 

§ 4, The total intensity of the earth's magnetism is the 

intensity measured in the direction of the lines of force at 

the pciat where the experiment is made. It is difficult to 

make the experiment in this way, especi^ly as the direction 

varies so frequently. The str^tgth of the horizontal 

Fia 6^ component is therefore experimentallydetermined, 
— I and the (A>-a;2'w« of the total force. These two ele- 
ments give the intensity and direction of the total 
^\ force; for let h (Fig. 65) be the horizontal com- 
ponent, R the total intensity, and the dip, tlien 

cos ' 

§ 5. In order to determine the efi"ect of aiiy magnet upon 
another or upon an electric circuit, its moment, m = ?« /, 
must be determined. Two experiments are sufficient to 
determine at once the moment m and the force h. The first 
of these gives the value of the product m h by an observa- 
tion of tlie directing force which the earth exerts on the 

magnet ; the second gives the ratio ~ by an observation oi 
the relative strength of the magnetic fields due to tlie 
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magnet and to the earth. The followitig are the two 
experiments : 

I, Let the magnet be hung so as to oscillate freely in a 
horizontal plane round its centre of figure, being directed 
by the horizontal component of tiie earth's magnetism. Let 
c!ie moment of inertia of the magnet relatively to the axis 
round which it oscillates be called i.' The quantity i is 
easily calculable for any regular figure, and can, moreover, 
be directly determined by experimenL Let the magnet now 
be allowed to oscillate freely, and let the number of com- 
plete or double oscillations per second be n ; then 






In Rankiiie's ' Applied Mechanics,' (g 59S] we have, equation (5], 

M, = ^ i -, where Ml is the moment of the couple causing gyra- 

g 
lion, I'l the semi amplitude of gyration in angular measure. Let us call F 
the _;6jr^ of the couple due to the magnetic field; the arm of the couple 
will be I'ji., where L is the distance between the poles ; hence 
M, — »', L F ; but the moment of the couple due to magnetism when 
the magnet stands straight across the magnetic field is M H. and the arm 
of the couple being then L, the force must be then and always = t. 

_ 4Jr' «' J, I J, H -*'''"' ' 
" ' ' ' g g ' ' ' ' 

2. To obtain — , fix us with its axis perpendicular to 

the magnetic meridian, and observe the deflection which 
it causes on a short magnet « s freely suspended so that 
when in the magnetic meridian the prolongation of its axis 
bisects Nos(Fig. 66). The deflection 6 of « .rivill depend on 
the relative magnitudes of h and the field produced by N s. 

' Ranltine's 'Applied Mechanics,' § 5;i. I have here taken I as 
equal to the loagkt multiplied into the square of the radius of gyration, 
following Professor Rankine's example. Many writers define I as equal 
to the mass multiplied into the square of the radius of gyration, and if 
this value of : be used, the divisor g in equation 3 must be cancelled. 
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Let J- = K s = d N ; then _ = r^ tan y . . . (3) 

Let «t bo the strength of tlic poles of the mngnet N S; then tlie forcB 
ivliieh s will CKert at a on a unit south pole wilt be ^ . . .in the 

diteclion 8 ; tlie pole N will exert an equal force in 
the direction c. Let a and c represent these 
forces in magnitude and direction; then b = Twill 
represent the magnitude and direction of the lines 
of force of the magnetic field at 0. We have ao -.ob 
-.OS :ns, orifL = N s; '% : T= r; l; orT = 



Lei 


til be the moment of Ihe little magnet, the 


eoaple 


due toTtending to turn it out of tlie magnetic 


nieridif 


>n,mb. „,,•„...«-».„... Tta 


ouple 


due to H tending to bring it back will 


ben, 


H sin i; and when one balances the other 



From equations (2) and (3) we liave 



andM = 2.«yili^l ... (5) 
g 
% 6. By means of the single experiment last described and 
illustrated by Fig. 66, the moment m of any pemiiinent or 
temporary magnet can be readily determined if h be known, 
for from equation (3) we have M = ^ H tan ; H is 
sufficiently constant througliout England, and from year to 
year, to give the value of m with sufficient accuracy for most 
practical purposes. This method can be used for horse-shoe 
magnets or magnets of any sliape if care be taken to fix n s, 
the line joining the poles of this magnet, exactly perpendicular 
to the magnetic meridian To do tliis, suspend the magnet 
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by its centre of figure, and let it take up its position on tlie 
magnetic meridian. Then noting this position turn the 
magnet through exactly 90° and fix it there. 

% 7, In order that the values in the above formulae shculd 
be expressed in absolute measure, consistent witb that 
hitherto adopted, we must be careful to measure i in cen- 
timetres and grammes. As an example, the moment of 
inertia of a rectangular prism of steel, two centimetres long, 
and with a square section, each side of which measures 
two tnillimfetres, and weighing i'248 grammes is 
I ~- i'248 — ~ — =: ■00416, 

— i — - is the square of the radius of gyration.' 

To convert the value of H found by the above formulse 
into grammes, divide by the value of g in centimetres 
(98i'4 at Glasgow). The mean horizontal component h in 
England for r86z was ©■175 (centimetres, grammes, seconds) 
in absolute measure. If a free unit pole weighed onegramme, 
it would, under the action of the horizontal component of 
the existing magnetism acquire a velocity of 0-175 centi- 
metres at the end of a seconfl. To convert this value into 
English absolute measure (grains, feet), we must multiply it by 

5 8. The value of I for a given magnet ot other suspended 
mass of simple form can as above be calculated from 
measurements of its figure and its specific gravity or weight; 
but when the form is complex and the suspended mass of 
various materials, it is better to determine i experimentally 
by comparison with a body of known moment of inertia- 
To do this, first observe the time of one complete or doublt 
oscillation / of the magnet (directed by the earth's force 
alone), and then add some weight of simple form with a 
known moment of inertia I,, and observe the time ^, in 
which the compound body completes an oscillation ; then, if 

' Rankiiie's ' Applied Mechanics,' g 578. 
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n be the number of oscillations per second, / 
have from equation (z) 



' = ,.. ^ ■■•(«) 

The method by which tlie value of t [or tlie line o h'\ was 
calculated in § 5 enables us to determine the intensity of the 
-field at any point due to a magnet, so soon as the moment M 
and length / are known. The action of eacli pole on a unit 
pole at the distance r will always be equal to -^ = " ; 

and by compounding the forces due to each pole we obtain 
the resultant in direction and intensity. 

The magnetic moments of two magnets of known mo- 
ments of inertia i and i, can be compared by means of their 
times of oscillation t and ^i in the same magnetic field ; 
it follows from equation (2) that 

- -. = i : ,^ . . . (rt 

Similarly, the horizontal intensity of two magnetic fields 
can be compared by observing the times I and /] requhed 
for a complete oscillation of any given magnet in the two 
fields : 

^ : -K^ = ii' : f . . . (8) 

In making this experiment, we must not assume the 
constancy of any given magnet even for two successive 

§ 9. In calculating the effects of a real magnet, we must 
never forget, that although we may experimentally deter- 
mine tlie value of m /, we cannot really separate m from /, 
because we can never feel certain that the length /is equal 
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to the length of the magnet, or to any given fraction of it. 
If the material were uniformly magnetised, i.e. if it would 
form a number of absolutely equal magnets when cut up 
into a number of absolutely uniform pieces, then, indeed, the 
length / would be the exact lengtli of the magnet In any 
actual magnet the strength of magnetisation is found to fail 
off near the ends, and tiiis makes /shorter than the length 
of the magnet ; moreover, the distribution of electricity is 
such that the magnetic field produced by it is different in 
many respects, from that which could be produced by poles. 



CHAPTER 


VIII. 




AS 




CT N 


.KENT5 




ND 


N N 








h 


would 


tr p rp 


g 


b ar 
ff 


ry well 
irrents 






ta 


:ries of 


dd 






5tween 






m th 


.ent of 
units. 


d d 


m 




:rics of 


d 




h 




ti E 




gn 


more 


grap 




ta 


:s. In 


d fi 






.s sug- 






thw 


LCts on 


A 


g 


h dfi 


e unit 
ts with 


m g 


P 


a 


le cen- 


p ts h 




rr T b in his last 



bv Google 



134 Electricity and Magnetism. [Chap. VIII. 

condition tlie wire conveying the current must be bent in a 
circle, at tiie centre of which liangs the free magnetic pole. 
The force (/) exerted on tlie pole of a magnet in its 
neighbourhood is proportional to the magnetic strength {m) 
of the pole of the magnet, and to the strength of the cur- 
rent c ; and if the conductor be at all points equi-distant 
from the ])ole, the force is proportional to tiie length 
of the conductor l. It is also inversely proportional to 
the square of the distance k of the pole from tlie conductor, 
and is affected by no other circumstances. Hence we have 

from which c = -' — , giving the definition of the unit 

current stated above. 

§ 2. Let us use the capital letters q, r, r, c, and S to 
indicate the quantities in electro- magnetic measure which 
were indicated by q, i, r, c, and s in electrostatic measure ; 
then, taking the unit of current as determined by the 
equation in § i, we have, from the equations q = c /, 

I = — , R ^ — , and S ^ — , a complete new series.of 
Q c I ' ' 

imits bearing a definite ratio to the electrostatic units ; by 

experiment it has been found that c = 38,800,000,000 c. 

This numerical coefficient will be termed v. 

The above senes of equations express the relations be- 
tween the numbers expressing electrical magnitudes in the two 
series of units ; they all follow directly from the fundamental 
equations. The relations of the electro-magnetic units to 
one another, and to the mechanical units may be summed 
up as follows : The unit current conveys a unit quantity of 
electricity per second across any section of the circuit. The 
unit current will be produced in a circuit of unit resistance 
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by the unit electromotive force. The unit current in a con- 
ductor of unit resistance produces an effect equivalent to the 
unit of work per second. lastly, the unit current flowing 
through a conductor of unit length will exert the unit force on 
a unit pole at a distance of one centimfetre. It is this last 
condition which is peculiar to the declro-magndic series. 

§ 3. Let a very short magnet n j(Fig. 67), say \ inch in length, 
be freely hung at the centre of a circular 
coil A, of considerable relative diameter, '"" *"' 

say 18 inches, and let the plane of the 
coil be placed in the magnetic meridian, 
then the value c in electro -magnetic 
measure of any current passing through f 
the coil and deflecting the magnet "• 
through the angle S, is given by the fol- 
lowing expression ; 

where h is the horizontal component of the earth's magnetism 
and L is the length of the wire forming the coil. All dimeii- 
sions must be in centimetres if H is measured in tlie units 
already adopted. 

From this equation we see that the current will be pro- 
portional to the tangent of the angle of deflection, and a 
galvanometer of this construction is therefore called a tangent 
galvanometer ; moreover, knowing the value of h, we shall, 
with tangent galvanometer, be able directly to measure 
currents in absolute measure, independently of any know- 
ledge of the magnetic moment of the needle employed, and 
independently also of any peculiarityin the instrument used, 
A current so measured in Australia is therefore at once com- 
parable with a current measured in England. 

Tlie resultant electro-magnetic force (/) exerted at the centre of a 
circular coil of radius k, hy the cnrient c, will by equation t bey = _ - ; 
the two poles of a short magnet hung in the centre, with its magnetic 
lii, nil] eyjicHciice equal and opposite 
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Jjrces, each eqnal \o / m, where ni is the strength of each pole of the 
magnet. If / be the distance separating these poles or forces (equal 
sensibly to the length of the magnet), then the magnet experiences what 
is termed a couple, the moment of which is/m / = S - P'"^ . Let N s 



he the plan of the magnet (Fig. 
68) as it hangs in the plane 
the coil of wire, and let Kj 
m-iking an angle 9 with N s 



of 









th 
U p es ma. 

. h / 

same, but the perpendicnlar d 
tance Ni c between the poles 1 
which the equal and opposi 
force 



This couple is oppo; 



>s e, and hence the couple 
;d by the directing couple 

due to the earth's magnetism. Let us coll H the horizontal eomponent 
of the earth's magnetism at the place in question ; then the force due 
to its action on each pole will, be H m ; the perpendiqilar distance s, c 
separating the two parallel forces will be / sin S, and whole couple will 
therefore be sin 8 k m / ; and when tlie magnet is in equilibrium, under 
the combined forces of the directing current and the earth's magnetism. 



= tan - 



§ «. All the relations between force and currents of a ^ven fonn and 
strength may be deduced mathematically from the following theory, 
due to Ampjre, i. The force with which two small lengths or elements 
of currents act upon each other is in the direction of the line joining the 
centies of these elements, and this force is inversely proportional to the 
square of the distance between the elements. 

2, Let there be two short wiresmnandmjB, (Fig. 69), parallel to one 
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another, and perpendicular to the line d joining their centres. Lei 
the curi-ent c Sow through m n, and f, through w, «, ; then the force 
ivith which these two little elements of currents attract one another if 
flowing in the same direction or repel Fia 69. 
one another if going in opposite direc- ( 1 a j^l 



3. If the two short wires be placed as in Fig. 6917, so as to lie in the 
direction of the line d joining their centres, the force acting between 
them is half the above : it is a repulsion if 

the currents flow in tlie same direction, an Fig. &«. 
attraction if they flowinoppositedirections. — ■ ^- — -' 

4. Ifthe two shorlwires be placed soas to 

be both perpendicular to the line d, but so that mn\s also perpendicular to 
m-i w„ as in Fig. 69*, then the currents neither attrsct nor repel one another. 

5. If one element lies along d, and the other is perpendicular to it, 
the currents neither attract nor repel one another. 

6. Let Ai (Fig. 69c) be any short wire con- yvz. bi/b. 
veying any current c in auy direction relatively ™ , "1 

to the short Hire A, B„ conveying another * ' 

current (,. Let the line d join the centres of "'^ 

AiiandAiBi; draw the line J n the d'reetion of rfand draw /^ per- 
pendicular to JTi an 1 of such magn tude that the resultant of two forces 
}\ and Xy would be eqial to the current c„ and lie in the direction 
Ai Bi. On a s n lar plan draw v parallel to _j'i, and draw x and a, 
rectangTjlar components such that if j x and s were forces, tlieiv re- 




sultant would be equal to c, and lie in the 
the resultant action of the current in A B on th 
be the sum of that of the three currents jj', j-, a 
y^ and x^^. We may observe that this reduce 
action of X on j:,, which we can calculate from 
action o( y rm y^, which we can calculate 
inoperative on j'l, y does not attract or repel 
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tx repel x. In dealing witli wires of any considerable lengtli, the 
action of each little element of one wire on all the elements of Uie other 
must be taken into account, and the results summed. This summation 
or integration gives the results detailed in the following paragraphs ; 
and these results, being confirmed by experiments on dosed circuits, 
establish the truth of the theory as applied to closed circuits. 

It follows from the above theory, that the action of a small closed circuit 
at a distance is the same as that of a small magnet having its axis placed 
perpendicularly to the plane of (he current, and having a moment equal 
to the product of the current into tlie area encompassed by the drcuit ; 
thus, if the circuit be circular, the moment of the magnet will be c x }?. 
Let two small circles, with radii k ajid i„ be placed at a great distance 
D from one another, in such a manner that their planes are , at right 
angles to each oilier and that the line D is in tlie intersection of the 
planes. Let an equal current C circulate in each of these conductors ; 
forces will act between them, tending to make their planes parallel and 
the direction of the currents opposite ; these forces will produce a 
couple, of which the moment will he 



(3) 



If now, M, D', n !?,■» Ai" be all made unity, this will give a value for the 
unit of current C, which will be the same as that founded on the action 
Ijelween a current and a magnet It also follows that the unit current 
enclosing a circle of unit area will produce the same couple on a magnet 
at a distance as would be produced by a small magnet of unit moment. 

§ fi. We found one means of measiirinj; the strength of a 
cuirent by comparing the magnetic field it produced with 
the horizontal component of the earth's magnetism H. We 
may determine or measure the strengtli of a current in the 
same units by measuring the action between different parts 
of the current itself as determined by Ampfere's theory. 

Let a coil of wire a be hung inside a larger coii b (Fig. 70), 
and so directed by means of its suspension that, when no cur- 
rents pass through tlie two coils, the plane of a is perpendicu- 
lar to that of B. WJien one and the same current is allowed 
to How simultaneously through A and B, they experience a 
deviating couple proportional to c', and depending for its 
absolute value on the value of the diameters k and kx of 
A and B, and on the number of turns v and v^ in these 
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V- 



d that, when 
le magnetic 




different iiistr ts 

any one insti Hy or detei- 

mineci once m od was first 

employed by d m ca led Weber's 

Eiectro-Dyna m 

Let us csill the directing couple G and the deviating couple M. Wlieii 
the coil A is in equilibrium, M = G. The value of G depends on Ihe 
mode of suspension ; if it be by a single wire, tlie torsion varies simply 
as the angle of dellection fl, oi' 



Is for the ej 



(S) 



several letters have the same meaning as in Chapter VII. 
LOineiit of inertia of the suspended coil instead of 



llie suspended magnet, and ij the ni 



foim added to deter 



le experimentally the value of i. 



The value of the deflecting couple is given by the equati 



et i be the 
Let ^^1 be 



= h 



ill which 6 is a constant determined by Ampere's tlieory. I. 

radius of the large coil E, /■, the radius of the small coil A. 

the distance from the centre of coil A to the periphery of coil 

wlien the coils have a Common vertical axis ; let v be the number of turn: 

(;f wire in the large col! ; v the number of turns in the small coil, then 
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Since. 11 = 


G from equations (7) and (5I ive have 




" = ■%/ 1 We ■ ■ ■ '^' 


The value' 

If the SI 

we then hs 

and 


-, of B and n are evidently constant for any one instrument. 
ispension is bifilar, equations (5) and [6] must be modified 

<; = osinfl . . . (10] 


where re, i 


is the weigh! of tiie added mass and w the weight of th. 


Then from equations (10) and [7] we have 




c = yi„. . . . ,... 


for both a 


Lses, where 6 is small, 




c = yT7 



B being in. circular measure. 

§ 6. The following is another method, due to F. Kohl- 
raiisch, of measuring currents in absolute measure by means 
of a tangent galvanometer and a single coil suspended by 
two v.ires. 




Let a coil A (Fig. 71) of i radius and n turns be hung by a 
bifilar suspension, with its plane perpendicular to tbe plane 
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of the magnetic meridian. Observe the deflection U pro- 
duced in this coil by the current c and the simultaneous 
deflection 0, produced by the same current on the needle 
of a tangent galvanometer e of radius ^'i, then 



-^'i 



, tanfl . tan H, . , . (13) 



The coil A, when the current C flows through it, is equivalent to i 
magnet of the moment cn-a Ifi; and calling H the horizontal com- 
ponent of the earth's magnetism, the couple experienced by the coil 
when deflected through tlie angle fl will be H C « t i' cos 6. The 
directing couple due to the bifilar suspension is fi sin fl. Hence, when 
the one balances the other, 

rhe value ot n can be found as by the last section. From this 
equation alone we might find c in terms of H; but we have also, 
calling Bi the deflection produced by the same current C passing through 
the tangent galvanometer of radius i,, 

hence, eliminating H, we have equation (14) as given above (eliminating 
c, we might find H from tlie same equations). It should be observed 
that « «■ ^ is more strictly the sum of the areas enclosed by the turns 
of different diameter of which the coil is composed. 

§ 7. Let a current traverse two wires in succession, each 
bent so as to enclose a circle of the radius k. Let these 
wires be hung in parallel planes at the distance a, with their 
centres in the same axis. Then, if the curreiit be sent 
round the wires in the same direction, they will attract one 
another; if in the opposite direction, they will repel one 
another with a force 

'=""1 . . . (.5) 
If two coils, each containing n turns, be thns hung, the 
force with which they attract or repel each other will be 
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hence, knowing the current, we can determine the fcrce, or, 
weighing the force, can measure the current. 

By placing two fixed parallel coils, a and u, opposite each 
other, as in Fig. 7a, and passing a current round them in 
opposite directions, we 
" '^' obtain a sensibly uni- 

form field of magnetic 
force between the flat 
is. Ifathirdflatcoiln 
be hung between them it 
I will be attracted by one 
/ and repelled by the other, 
and a good electro-dy- 
nometer may be con- 
structed on til is principle. 
The actual value of the 
current corresponding to a given couple experienced by the 
suspending wires e and/, indicated by the torsion of a wire, 
is experimentally determined once for all by comparison with 
a standard instmment. A second suspended flat coil d, is 
required to make the system independent of the earth's 
magnetism, and this coil d, may advantageously be placed 
between two more fixed flat coils 
c ' ' ' arranged so as to double the couple 

ejtperiencedbythesuspendedsystem. 

g a. The intensity of tlio magnetic field 
produced by a drcleat any point Ron an axis 
perpendicular to the plane of the circle is 
given by the following formula ; 

Let A c (Fig. 73), the radius of the circular 





= h. Let c 



^ the ci 



F <= ihe intensity of 
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L^t an msiilated wiie be wound rountl a cylinder of the leiigl 
forming a spir.il. Let (he distance of the point M (Fig. 74) froi 




nearest end of the L/linder = M O — 3 If the point were insii 
spiral, a would be affected with the negative sign. 

Let the line joimng ar. element of i. spiral with M = e. 

Let the number of turns be n, then the intensity of the magneli 



;t the angle A M o - iji, and the angle B m o 




This applies lo inside 35 well as 
will be negative inside the spiral, 
+ cos +.. 

The force is at a maximum in the centre. 

Call the diagonal of the spiral 2 d ; then the intensity of the magnetic 
field at the centre will be 



If the length of the spiral be 40 times 
the magnetic field does not vary by one ] 
length, and not, -i per cent, throughout -^ 

5 9. A Ion r ■ Id 

relatively to ' fe 1 m 

although, stri ly p k h m 
of perfectly p 11 1 d q 1 g 
common axis d 11 f 1 1 
ing. The m 1 p ta 

experimentaOy 1 1 fr m hyp 
seen that a rr fl i 
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circles in one plane acted upon a magnetic pole or upon an 
electric current at a distance as if it were a short magnet of 
the moment c « t k^, where « is the number of turns. 

If a solenoid beginning at a were very far prolonged 

towards e, it would act on all points 

"^' '^ within a finite distance of A, as if at A 

'TOSilTOffiififlffiro^ there was a magnetic pole of the strength 

Z n -a k'^, in which n is the number of 

turns ill the solenoid per cmiimitre. 

An actual solenoid acts as if two such endless solenoids 
were superposed, liaving the same current flowing tlirough 
them in opposite directions ; one beginning at a and the 
other at B. Then we should have one north pole, say at a, 
and one south pole at n, and all the rest of the turns 
cancel one another; hence the magnetic moment of 
the solenoid is c « n- :4^ l, where l is its length. 

If keeping the actual number of turns constant we 
shorten the length l, we increase n just as we diminish l, 
so that the moment does not vary. 

Imagine a watch hung in a solenoid in such a position 
that the current circulates with the hands of the watch. 
Then the south pole will be at the end towards which the 
face of the watch is turned, 

§ 10. If a magnet be hung with its north pole downwards 
over the centre of a vertical solenoid in which the current- 
is circulating in the direcdon of the hands of a watch 
(looking at spiral and watch from above), then the north 
pole will be attracted when outside the solenoid, as if by 
a south pole ; it will continue to be sucked into the solenoid, 
even after entering in it, although the force with which it 
is pulled down will diminish. The south pole of the 
magnet is repelled upwards, but with less force than the 
north pole is sucked downwards. When the centre of the 
magnet has reached the centre of the solenoid, the magnet 
will be in equilibrium so far as magnetic forces are con- 
cerned; if allowed to fall furtlier, the magnetic forces will 
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resist the motion, and if the current be powerful enough. 
these forces will carry the weight of the magnet and prevent 
it from falling further. 

Feilitsch made the following experiment, showing how 
the force diminishes, using a magnet lo-i centimfetres 
long, 203 centimetres diameter, weighing z3'67<i grammes, 
and a spiral or solenoid of 126 turns, 295 centimetres long, 
and 12-9 centimetres internal circumference. The following 
table gives the distances a of the centre of the magnet from 
the centre of the spiral, and g the force in milligra 



a. 187 I 167 I 14-7 I 127 I 107 I S7|67U7U7| 'OTl-'iS 

g. 190 I 383 I493 I 474 I 313 I 115 1 J2 I i6 I II I 2 I- I 

The poles of the magnet when in equilibrium mside the 
solenoid ate placed relatively to the spiral, as if the spiral 
had magnetised a piece of soft iron of the same length. Soft 
iron is therefore drawn in just as the magnet would be, and 
the north pole of the soft iron corresponds to the north pole 
of the solenoid. 

§ 11. A hollow magnet does not in this respect resemble 
a solenoid. 

If the north pole of a magnet a were introduced into the 
interior of a hollow magnet E at its south pole, a would be 
repelled from b after it had peneUated to a very short 
distance ; and if a rod of soft iron was placed inside a hollow 
steel magnet, the north pole of the magnet would induce a 
south pole in the end of the iron next it. 

This experiment proves conclusively that we cannot re- 
gard a magnet as simply produced by a series of currents 
circulating round its exterior periphery ; but Y\a. 76. 

it agrees with the hypothesis that the --. j> 

magnet consists of an immense number of O <\> 

little solenoids lying side by side. In fact, O ^ot 

conceive a number of such solenoids, side O ^r^ 

by side, the end views of which are shown, ^'-^ ^ O^ 
as in Fig. 76, with the current tiowing in U \3 x 

the direction shown by the arrows, then all the elements of 
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each little circuit inside the ring would move in the direc- 
tion followed by the hands of a watch ; all the elements 
outside would move in the opposite direction. On a point 
at y the former would be most powerful ; on a point at x, 
the latter; the radial currents counteract one another, for 
there are as many in one direction as in tiie other. 

§ 12. For general purposes, we may regard a solenoid as 
equivalent to a magnet, so far as regards all points outside 
of the cylinder; the effect of introducing soft iron into the 
interior of the cylinder is to make the field offeree outside 
the cylinder, more intense. It tnay thus become as much as 
about 32'8 times more intense than before. The direction 
of the lines of force is very little altered. Fig. 77 shows 




roughly the field of force due to a solenoid, Fig. 78, the field 
of force after a soft iron wire has been introduced. The soft 
iron wire concentrates the lines of force near the poles, 
and thus over a limited space enables the current passing 
through the solenoid to produce very powerful effects ; its 
action in this respect is somewhat, analogous to that of a 
lens used to concentrate light on a spot where illuminating 
action is required. 
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CHAPTER IX. 

MEASUREMENT OF ELECTRO- 



5 1. A DESCRIPTION of the principal phenomena of magnetic 
induction has already been given, and we will now con- 
sider how to estimate numerically the effects produced 
under various circumstances. 

Electro magnetic force.— ^\i^\i the intensitj' of a given mag- 
netic field produced by a magnet or by electrical currents, 
has been determined, the induced current produced in a con- 
ductor moving in that field is easily determined. Every part 
of the conductor moving in a field and conveying a current 
(induced or not) is acted upon by a force perpendicular to 
the plane passing through its own direction and the lines of 
magnetic force in the field. This force is equal to the 
product of the length of the conductor into the strength of 
the current in electro-magnetic measure, the intensity of the 
magnetic field, and the sine of the angle p,^ ^^ 

between the lines of force and the dircc- 

lion of the current. Thus, if A B (Fig. ~— ->^- 

79) be the element of the conductor, A 

and the lines of force be in the plane : \ 

of the paper as dotted, then the direc- j V" 

tion of the force due to the field and i «}i 

current is peq^endicular to the plane oi '^ ^ 

the paper. Let the intensity of the magnetic field = t, 
the strength of the current in a e = c, the angle a b c = a, 
and/= the force. 

Then /=TCxABsina . . . (i) 

Tlie force is exactly the same as if the conductor, instead 
of being of the length and in the direction a b, were really 
of the length and in the direction a c. Let a b (Fig. 80) 
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represent a piece of the coniluctor in which a cui-rent c is 
flowing from a to B, Let r> O 
be the direction of the lines of 
magnetic force so that a mag- 
net N s would place itself in the 
field as shown in the ligure. 
The force/ experienced by the 
conductor will tend to lift it 
perpendicularly to the plane 
AOD. Let FO represent in 
magnitude and direction the 
current c and d the magni- 
tude and direction of the intensity of the magnetic field, 
then / per unit of length = tc sin a, but c sin n = the 
perpendicular distance from e f to o d and t = d o ; hence 
the area of the parallelogram etod =/per unit of length. 
A current flowing from west to east is lifted by the earth's 
magnetism. The following is a rule by which to remember 
which way the magnetism of any field would impel any cur- 
rent Place a corkscrew perpendicular to the plane e f o d 
and turn it as shown by the arrow s, from the direction of 
the rurrent to thi. d rection in which the north end of the 
compass needle would point,' the screw will then move in 
the direction of thi. force. 

§ 2 Lie It imotne force. — If the conductor A B is moved 
alont; the j lane in which o f e d lies, its motion is per^ien- 
dicuhr to the forces acting upon it, and no work is done 
either by or upon ae When tliis is the case no induced 
current cai be produced in A B, either in augmentation or 
diminut on of the or gmal currents, for no work is done by 
the mot on or required to produce the motion ; a current 
can only be 11 created by the exertion of energy upon it, and 
dimmished by expending its energy. 

If howeier the conductor moves in the direction oh 

(F 3 80) or across the dotted lines in a direction perpen- 

' I e cons le n^ o -xs the centre the handle would turn from the line 
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dicular to the paper (l'"ig. 79), the motion is either helped 
by the force or opposed by it. To move the conductor 
against the force, we must do work. The measure of this 
work is the product of the force into the distance; moved 
against it. If the conductor moves obliquely across the 
lines of force it is resisted with a force proportional to that 
component of the motion which is perpendicular to the lines 
of force, and the work done is equal to the force multiplied 
into this perpendicular distance. 

The work done on the conductor is found by observation 
to be represented by an increment or diminution in the cur- 
rent flowing through that conductor ; now the work done 
by a current is by definition equal to e q = e c /, where 
E = the electromotive force acting between the ends of the 
conductor. 

If a unit length of the conductor be moved a distance l 
across the lines of magnetic force in a field of intensity h, 
the work done will be/L = c h l : hence, as the work done 
by the current must be equal to the work expended in 
moving the conductor, we have E c ^ = c H L 

Ot E = it . . . (,, 

Now — is the velocity with which the conductor is moving, 

so that the electromotive force per unit of length is equal to 
the intensity of the magnetic field multiplied into the velo- 
city of the motioiL 

This law still holds good if the motion be oblique to the 
lines of force, provided l be the component of the motion 
perpendicular to those lines j and if the conductor A B was 
also oblique to the lines of force, the unit length must be 
measured perpendicular to those lines of force. Thus, let 
the direction of the lines of force in a magnetic field be 
represented by 00,; let (Fig. 81) u^ be perpendicular too Oj 
in the plane a o Oi, let a a and e ^ be perpendiculars let fall 
from a and B on the line a b, and let a b be moved to 
the position a, b,, so that po,, perpendicular to the plane 



bv Google 



Electricity and Magnetism. [Chap. IX. 



AOO|, represents the distance a b has moved across the 
Enes of force ; then the e. m. f. due to the motion will be 




Observe that ike unit electromotive force will be produced by 
a rod of unit length moving with unit velocity across afield of 
unit mtensity. 

§ 3. Let there be two fixed rails c d and e r (Fig. 82) in 
a plane perpendicular to the lines of magnetic force o o,. Let 
the bars a b and i k, perpendicular to the lines of magnetic 
force, complete a closed circuit a e 1 k, round which a current 
might circulate. Then if a b be moved downwards with 
the velodty v, the electromotive force due to induction will 
be H X AU ;< v; but this product is equal to the number 
of lines of magnetic force subtracted from the area of the 
closed circuit per unit of time; hence, calling this number jj, 
we find tliat the e. m. f. = -. The dir( 



of the current 



produced by this e. 
motion, i.e. from b 



ikl be such as to oppose the 
I K were moved at the same 
■e would be an equal e. m. f. in 
it, tending equally to produce a cuirent from r to k, and this 
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would balance the e. m. f. in a b, so that no current would 
flow. In tliis case the motion of i kl would add just as many 
lines of force to those crossing the area a b c d as the motion 
of A B would subtract, so that the total number n added or 
subtracted would he nil, and the electromotive force on tlie 
whole would also be nil. 

If I K moves fastest, its electromotive force would be 
greatest, and the difiereace between the e. M. f. in 1 k and in 
A B would be equal to - ' ■ "' ■■-, calling Ni the number of lines 

cut by 1 K during its motion ; the current would then run 
round the parallelogram from i to k b a. Similarly, if a b 

moved fastest there would he a resultant e. m, f. = ' — - '-^ 

sending a current from a to b k i. Hence in both cases the 
E, M. F. in the current would be equal to the number of lines 
of magnetic force added to or subtracted from the area per 
second. Now it follows from the principles developed in the 
previous paragraph that this is true not only of this simple 
case but of all cases whatever. Let the circuit be of any 
shape whatsoever and moved in any dii;ection, the e. m. f. 
tending to send a current round the circuit due to motion 
in a magnetic field will be - . 

§ 4. All apparatus for showing the phenomena or in- 
duction with a fixed pair of rails would be extremely difficult 
to construct ; the motion could not be continued for any 
length of time, and the resistance in the ^^^^ ^ 

circuit would vary at each moment, as 
the stationary portion was shortened 
or lengthened during the motion of the 
bar. Let a closed circuit (Fig. 83) rotate 
in a uniform magnetic field, and for sim- 
plicity sake let us suppose the field uni- 
form, the circuit circular, and 1 
perpendicular to the direction of the lines of magnetic 
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force. Let the rotation be in the direction of the hands 
of a watch held with its face upwards ; let the direction 
of the lines of magnetic force be perpendicular to the 
plane of the paper, and such that a north pole would 
be impelled from the spectator down through the paper. 
Consider the short elements a b and c d, which are sen 
sibly parallel to the axis and perpendicular to the lines 
of m^netic force. When these are just crossing the 
plane of the paper they are moving in the direction of 
the lines of magnetic force, and a current in them would 
neither be assisted nor resisted ; but when the circle has 
made a quarter of a turn they are crossing the lines of 
force at right angles. If the current in a b is descending, 
the motion of Alt will be resisted by the lines of force, for 
a descending current in ab would impel a north pole in 
front of the paper from right to left, and would therefore 
itself be repelled from left to right. {The north pole must 
be in front of the paper to give lines of force which would 
repel a free north pole from the spectator to the paper.) 
Hence while a b crosses the lines of force an e. m. f. is 
produced in it, tending to send a current downwards. The 
same is true of each element in all the semicircle m a bn, the 
E. M. F. diminishing in each element proportionately to the 
sine of the angle between the element and the lines of 
force. Next, consider the element cd. This is simul- 
taneously crossing the same lines of force in the opposite 
direction. This motion would be resisted by an upward 
current; hence the electromotive force in the semicircle 
NDCM ml! be from N towards m or upwards through tliis 
half of the circle. 

Thus in both halves of the circle the E. M. f. tends to 
produce a current moving from M to A E, N, D C, and back 
to M. 

This electromotive force will evidently be strongest at 
all points of the circle when this is crossing the lines of 
force at right angles, i.e. when the plane of the circle is in 
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the direction of the lines of force. It will begin feebly as 
the circle in its rotation leaves the position sketched and 
advances as shown by the arrow, for at first the inclination 
of the direction of each element to the lines of force will be 
small; and again, after reaching its maximum, this inclination 
d'ta'n'sl es un "1 't becomes nil after half a turn has been 
nale Du nj, tie next half-turn, while mabn is behind 
the paper the f n f. will tend to send current up from a to 
M thro gl B A the direction of the current will therefore, 
d nng d 1 alf urnj be reversed in the material circuit. 
ReU ng to a fi e 1 exterior point, the current is, however, 
al ays n one duection, though varying from zero to a 

ax mum at every half-revolution. The circuit might e^i- 
de dy be not a s ngle circle but a coil of wire. The e. m. f, 
would ncrea?e with the length of the coil. If, however, the 
only resistance be that of the coil, the current will be 
constant whatever number of turns were taken, for the 
resistance will increase in the same proportion as the elec- 
tromotive force. If some exterior con'stant resistance be 
connected with the coilj by sliding contacts near the 
axis, the current will be larger with many than with 
few turns. 

There is no difficulty in calculating the exact electromotive 
force due to a coil of any given shape rotating in any mag- 
netic field, except the mathematical difficulty of summing 
up the different E. M. F. in all the different elements of the 
coil at each moment, or, what comes to the same thing, 
detetmioing the value of n during the motion. 

It is now clear that the electromotive force produced by 
the motion of a closed circuit in a magnetic field of known 
intensity can be expressed in terms of that intensity and of 
velocity only ; this measurement gives the value of the e. m. f. 
in absolute electromagnetic measure. We have also seen 
how to measure the value of any current c in the same 

and since r ^ _ in any circuit, the resistance r 
c 
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of that circuit can be experimentally determined by measur- 
ing tlie values of E and c When the resistance of a single 
circuit has been thus ascertained, a material standard coi! 
equal to some multiple of the absolute unit can be prepared 
by comparison with this experimental circuit When this 
has been done once for all, the resistance of other conductors 
can be easily determined by comparison with this standard. 
The following statements describe the experiments by which 
such a standard has been prepared. 

§ S. Let us consider a circular coil of radius k rotating with an 
angular velocity A in a field of the intensity H. Then during each half- 
revolution the number N, equal to « K' H, will be alternately added and 
subtracted. Every addition and subtraction tends to send a current in 
the same direction relatively to an external point. I^t « be the number 
of futns per second, then n — — , and the total number of lines offeree 



added and subtracted per se 


cond will be 4 «■ K=H x ~ 


= aA 


K'H. 


The E. M. F. due to this wi 


li be ZAK'H, and the equiv 


alent cv 


Lrrent 


produced ii^, where R 


is the resistance of the circuit. 


If the 


irebe 


m turns Uie length of the 


wire in the coil i. = z t K ?«, 


and the 


area 


enclosed = ^ K';« = >''. 


The number of lines added p 




dex- 


pressed in this manner will be ^-^^ and the current =i 


retlr ot 


This 
gal- 



vanometer, and when it has been thus measured in absolute measure 
the only remaining unknown quantity is R. 

g 6. The determination of E by this method requires a knowledge 
of the intensity of the magnetic field H, and a contemporaneous measure- 
ment of the absolute value of a current. 

These two observations can be dispensed with by hanging, accord- 
ing to Sir William Thomson's method, a small magnet in the centre of 
the rotating coil and observing its deflection. The induced corrents 
wil! all deflect this magnet in the direction of the rotation of the coil ; 
the couple exerted on a magnetic needle of the moment m I, when 
deflected lo Jie angle d, will be ^- m I cos d. The equal arid 
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opposite couple exerted by the earth's nu^netism will lie H 



\SRd ' 



(3). 



This gives a simple expression for the resistance of the circuit in 
absolute measure in terms of known and simple magnitudes. In prac- 
tically making the experiment several corrections have to be introduced, 
as for the inductive effects of the magnet on the coil. The experiment 
was carefvilly carried out by a committee of the British Association, and 
the absolute resistance of a Certain standard determined in this way serves 
to determine the absolute resistance of any other circuit, 

\ 7. When the induction takes place, not in consequence 
of the motion of a wire in a magnetic field, but in con- 
sequence of the sudden creation of a magnetic field, as 
when a neighbouring current is suddenly commenced, the 
effect is exactly as if the wire had been suddenly moved 
from an infinite distance to its actual position on the new 
magnetic field. The electromotive force is in this case also 
equal to —, where N is the additional number of lines of 

magnetic force ihtrod"ced into the circuit in the time t \ 
when the induction takes place inconsequence of the cessa- 
tion of a current, the electromotive force is in the opposite 
direction, and is equal to - ; where Nisthe number oflines 

withdrawn. If ^ be made very small, the e. m, f. tending to 
produce an induced current may be indefinitely increased ; 
and similarly ifa current can be made to reach its full strength 
in a very short time, it will produce an e. m. f. in a wire close 
beside it much greater than that required to produce the 
original current. The wire in which the inducing current 
circulates, is often called the primary wire; tlie one in 
which the current is induced is called the secondary wire. 
I 8. In order to determine the electromotive force 
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produced in a secondary circuit by the commencement or 
cessation of a current c in a primary circuit, we require to 
calculate the nurnber n of lines of force produced, cutting 
the surface inclosed by the secondary circuit (Of course 
lines of force going in opposite directions tlirough the 
surface must be reckoned positive and negative, and their 
addition made accordingly.) This number n divided by / 
gives the electromotive force. It is extremely difficult to 
determine t, for no current begins instantaneously, and the 
laws of its increase are extremely complex. The fact that 
the current is employed to induce a current or currents in 
secondary conductors, increases t. The statical induction, 
wlien sensible, increases t, and magnetisation due" to 
currents increases t. The actual determination of the 
E. M. F. in any secondary circuit will not be here attempted, 
but tlie notions given serve to show how we may increase 
or diminish this e. m. f. in designing inductive apparatus. 

§ 9. I have now shown how, theoretically, resistance, elec- 
tromotive force, and currents can all be measured in abso 
lute electro-magnetic measure Quantitj can be measured 
either by obseriing the total current which it produces 
when flowing away, for which purpose a simple method 
will hereafter be given, depending on the use of galvano 
meters, or it may be measured by observing its electro- 
static effects, and being then known in electrostatic measure, 
it may be converted into electro-magnetic measure by mul- 
tiplication into the constant 28,225,000,000. Capacity is 
obtained by observing the quantity which the given con- 
ductor contains when electrified to a potential e. Theo- 
retically, therefore, we may be said, while studying the laws of 
electro-magnetic induction, to have discovered how it is pos- 
sible to measure all electrical magnitudes in this series of 
units. The practical methods adopted will be described 
hereafter. 

5 10. The examples given of the modes of calculating 
induced currents in the two simple cases of a straight bar 



bv Google 



CjiAP. IX.] Electro-ma^netk Induction. 157 

moving across a uniform field, and a circular coil rotating 
in such a lield, serve to show how all similar problems must 
be attacked The exact solution of tliem requires mathe- 
matical analysis of the highest kind ; but correct views of 
the general nature of the effects to be expected are very 
readily obtained from the general elementary propositions 
now laid down. Thus it is easy to examine whether the 
electromotive force in some parts of the circuit is acting in 
a direction opposed to that in others ; if so, it is easy to see 
that to reduce the opposing action we must reduce the 
velocity of those parts, and place them in the weakest por- 
tion of the magnetic field, while the efficient portions of the 
circuit must be placed in the strongest portions of the field, 
and made to move with the greatest velocity. The best 
direction of motion is also easily ascertained. The general 
effect of adding to the length of the wire or coil in which 
induction is taking place is also easily perceived, and the 
object of making the coil of materials which have but little 
electrical resistance. Increasing the thickness of the wire 
does not at all increase tlie electromotive force, but inas- 
much as it diminishes the resistance, a thick and short wire 
may give a very considerable current, if outside the moving 
coil there be no considerable additional resistance to over- 
come. But if we desire a considerable or even sensible 
current through an external wire of great length, or of great 
resistance, then our inducing coil must be long in order to 
give great E. M, f,, and in such a case its internal resistance 
will not greatly diminish the current, because it will not 
greatly increase the resistance of the whole circuit. If cur- 
rents of very short duration are required, we may move oui 
coil or wire rapidly across a magnetic field of small size but 
great intensity, whereas if a current of longer duration is 
required, the motion must be prolonged, and it will be neces- 
sary to have a large magnetic field. 
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CHAPTER X. 

UNITS ADOPTED IN PRACTICE. 

§ 1. In the last chapter I have described the 
whicli the tre igth of ^ current may be measure 1 i electro 
magnetic measure The mcthad altliougl not oftermg any 
extremi- difticultj s jet too com] le\ tor coatmuil use 
and curreits w li certai Ij not Lc commonly expressed in 
this manner untl el cctrodyn^mo meters ire habituallj sold 
ofsuchcoist iction that b\ sn plj multipljing the obser\ed 
deflection ii to a cunstai t number the strength of thL 
cunent is obtaine 1 

The d rect measuremeits of electromotive force an 1 of 
resistance in the sai e series of units ire still more com 
plex. It is unnecessarj that each electromotne forue or 
resistance shoul 1 be d n-Ltly measured in absolute n easure 
by these coraphcited methods A standarl of electrcal 
resistance apptoximately equal to one thousand millions 
of absolute units ot resistance (centimetre, gran-me second) 
has been prepared by a committee of the Entish Associa- 
tion Tins standard is an actual wire of the required re- 
sistanre Tlie me^sunncnt of any other resistance x 
in absolute measure consists therefore, in a comparison 
of % with this standard or a copy. The process in this 
case IS the sime as that of measuring length in metres. 
Theoreticill) the measurement of a length x in metres 
means the comparison of :i with a certain diameter of the 
earth, pnctically it meins the comparison of x with a 
measure authorized b> GDvemraent to be called a mfetre. 

§ 2 The standard of resistance has been called an ohm, 
and IS now in common use 

Gauges of elect; omotive force ought for similar reasons to 
be issued, and might be of various forms. Thus the gauge 
might indicate a given difference of potential in virtue of the 
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attraction which two opposed plates exert on one another, 
or, even more roughly, in terms of the distance at which 
sparks pass across air between two given balls. There can 
be no doubt tliat widiin a few years gauges of this kind 
will be issued ivith the same authoritative stamp as attaches 
to the ohm. Meanwhile electromotive force or difference 
of potential is often expressed in terras of the electro- 
motive force produced by the special form of voltaic 
battery known as the Daniell's cell. The k m. f. of this 
cell is about 100,000,000 absolute units, centimetre, gramme, 
second, and is fairly uniform. A much better standard of 
electromotive force is the cell introduced by Mr Latimer 
Clark, and described by him as follows, (Proceedings R. S. 
No. 136, 1872) : 'The batteryis composed of pure mercury 
as the negative element, the mercury being covered by a 
paste made by boiling mercurous sulphate in a thoroughly 
saturated solution of zinc sulphate, the positive element 
coiisisting of pure zinc resting on the paste.' ' Contact with 
the mercury may be made by means of a platinum wire.' 
' The element is not intended for the production of currents, 
for it falls immediately in force if allowed to work on short 
circuit. It is intended to be used only as a standard of 
electromotive force with which other elements can be com- 
pared by die use of the electrometer, or condenser, or other 
means not requiring the use of a prolonged current.' The 
electromotive force of this cell is, in electro-magnetic units, 
1-457x10* {centimetre, gramme, second), or i'457Xio'' 
(metre, gramme, second). There is already a unit of 
electromotive force in practical use called a voU. The volt is 
intended to represent 10' absolute units, centimetre, gramme, 
second ; the e. m. F. of Latimer Clark's cell is 1-457 ^o^t' 

The capacity of a given conductor can be determined in 
absolute measure with leas trouble than either the electro- 
motive force or the resistance, and condensers of the 
approximate capacity of ip>.i,omjihjwo "'' 10-" absolute units, 
and called microfarads, are in common use. 
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based on the absolute system. They are, however, all 
multiples or submultiples of the absolute units, which are 
themselves of inconvenient magnitudes. 

§ 4. Tile unit of resistance is termed an ohm and = io» 
absolute units (centimetre, gramme, second). 

The unit of electromotive force is termed a volt =; lo* 
absolute units. 

The unit of capacity is termed afarad ^ — ^absolute unit. 

The unit of quantity is that which will be contained in 
one farad when electrified to the potential of one volt ; 
it has no distinctive name, and may be called a farad 
also.' This unit of quantity = -^'j absolute unit The 
absolute units referred to throughout are those based on the 
centimetre, gramme, and second. There is a strong objec- 
tion to the use of the words absolute unit, inasmuch as they 
do not indicate the series of fundamental units on which 

' Mr. Latimer Clark calls it a Wibn: 
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the derived unit is based. Tlie volt, farad, and ohra are 
free from this ambiguity. 

The unit of current is one farad per second ; it is one- 
tentli of the absolute unit of current, and is frequently 
termed for brevity a farad. Just as in speaking of velocity 
we often speak of a velocity of loo feet, the words per 
second being understood. 

§ 3. Inasmuch as the electriciaii deals with magnitudes 
differing in greatness very widely from one another, it is 
convenient to use multiples and submultiplea of tlie above 
units, each having its appropriate name. 

The raegavolt = one million volts. 
„ megafarad = „ farads. 

„ megohm = „ ohms. 

Similarly, 

The microvolt = one millionth of a volL 
„ microfarad ^ „ ,, farad. 

„ microhm ^ „ of an ohm. 

The following table (p. 162) gives the value of each unit 
in three systems of absolute units, in which the mfetre, 
centimetre, and millimetre, and in a fourth in which the milli- 
gramme is substituted for the gramme, are respectively made 
the basis or starting-point. 

When we require to convert measurements expressed to 
absolute units based on any given system of fundamental 
units into absolute measurements based on some other 
system, it is necessary, in order to calculate the multiplier or 
divisor to be used for the conversion, that we should know 
what are called the dimensions of the units. In other words, 
we must know at what power each fundamental unit enters 
into the particular derived uoit ; thus, in the case of velo- 
city, which is perhaps the simplest derived unit, the dimen- 
sions are said to be-, or a length divided by an interval 

of time, because the m^nitude of the unit is directly pro- 
id 
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portional to the m^nitude 

length, and inversely proper 

to measure time. Similarly h b 

directly proportional to the u gt 

mass employed ; it is invers p rt 

of the unit of time used; he dm 

r r LM 

of force are — . 

When we wish to conver 
absolute units based on the 
second) into an absolute mea 
system of units /, m, t, (say 

require to know the ratios 

nitudes of each pair of units. f 

J = o'3048,| = -o648,^= tf 

sion from English to French w m tip h 

number expressing the meas E m 

each ratio raised to the pow h h h 

letter appears in the expres h d 

imit. If the power is ne^ w d d 

instead of multiplying; thus rt p 

in English measure into a v n F h m w 

multiply by o-3048, and div b 

of force (foot, grain, second) F h m 

The following lable of dii ta U 

from the British Association E. E nca Sta d d 

1863. 

Fnndamenial Units. 

I,eivj;th = L. Time = T, Mass = M. 

Derived Mechaniccd Units. 
Work = w = !l^'. Force ■= f - ^,. Velocity = v - i. 
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Derived Magnetic Units. 

Slrengtli ol (lie pole of a magnet . . m = L^ T"l : 

Moment of a magnet ml - 1.^ t"! 

Intensity of magnetic field . . . . H = T,"^ T"' 

Electro-magnetic Systan of Units. 

Qaantity of electricity <j = l,i m? 

Strength of electric current C = L^ T"l 

Eiectromotive force . . ■ . . . E = L^ T"2 
Resistance of conductor R = L T"! 

Electrostatic System of Units. 

Quantity of electridty q = l.^ t"1 

Strength of electric currents f == l' T"2 

Electromotive force ? = l^ T"1 

Resistance of conductor c - L"' T 

TaMi fir the conversion of British {fiot grain saond) sysien, 
rnlimilri^al {ctnlimstre gramm! second) system. 





conKinS in a 


Log, 


.,. 


^- 


I. ForM . 


■0647989 


2-8115675 


t -188432 1 


15-43235 


.. r., ..,,.. Uv 


30-47945 


1-4840071 


^"-5 159929 


■03280899 


3. For F {also for 1 
foot grains and 1 


r '97504 


0-2955749 


1-7044250 


-506320 

1 


4. Forw . . 


60-198 


'■7795820 


2-2204179 


■01661185 


5. For H and elec I 
tro - chemical I 
equivalents J 


■04610&5 


Z-6637S04 


I -3362196 


21-6880 


6. For Q, C and ^ . 


1-40536 


0-1477874^-8522125 


■711561 


7. For B m ? and e 


42-8346 


r-63i79492-358205i 


■0233456 


8. For heal - 


O-03S9994 


2-5562953 1-4437046 


27-7782 



^ absotute and other -units. 
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Let -a be the ratio of the < 



One |,brf.t= /fore. 1 _ „ 666f "*" "'• B""" ^ In London, 
unit of 1_ work / i, foot grains J 

T (■ 1 rweiErht of a prainl oo i_ t . -^ c f force- 

In Ix.ndon j^^/^^^ ^^F^ j = 3^-1889 absolute unit, of | ^^^^^ 

Oneabsolute / force 1 _ 1 / unit weight \evervwhcre 

unit of \work / -g\unit weight aud unit length / ^""'5^"^" '^'^• 
g in British system = 32*088 (1 + O'oo5i33 sin' \ |, where A = the 
latitude of the place at which the observation is made. 

Heat. The unit of heat is the quantity required to raise the temper- 
ature of one grain of water at its maximum density i" Fahrenheit. 

Absolute mechanical equivalent of unit of heat = 24861 = 772 foot 
grains at Manchester. 

Thennal equivalent of an absolute unit of wotlt = ■0D0040224. 

Thennal equivalent of a foot grain at Manchester = -0012953, 

Electro-cheimcal equivalent of water — 02 nearly. 

Metrical system. Relation between absolute and other units. { Centi- 
metre gramme second. ) 
One absolute /force \ _ ~A.r.tnrr Tveight of a gramme! ,, r,, - 

unit of Iwork/- -o^'O'SS \eentimetre gramme j- «' ^^"s. 

, p . fthe weight of a gramrael _ oSo'86S /^^^°'''''^\''^'^'*" 
\or centimetre gramme J 9 0° \ units of /work. 

One absolute /force 1 i /unit weight ) , 

unit of \work/ " g \unit weight x unit length ( everywhere. 

g in metrical system ■= 978'024 (I + 0-005133 sin' X), where \ = the 
latitude of (he place where the experiment is made. 

Heat. The unit of heat is the quantity required to raise one gramme 
of water a( its maximum density I " centigrade. 

Absolute mechanical equivalent of the unit of heat — 41572500 — 
42354 '2 centimetre grammes at Manchester. 

Thermal equivalent of an absolute unit of work =• ■000000024054. 

Thermal equivalent of a centimetre gramme at Manchester = 
■0000236154. 

Electro -chemical equivalent of water = -00092 nearly. 
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CHAPTER XL 

CHEMICAL THEORY OF ELECTROMOTIVE FORCE. 

J 1 In Chapter III. 5 '5, the phenomenon of electroljsis 
was described and water was shown to be an electrolyte ; the 
decomposition of water is much facilitated by the addition 
of a little acid, which has the effect of diminishing the 
resistance of the liquid and of allowing a larger current to 
pass from a given battery than would traverse pure water. 
The acid is not decomposed, or, if it is, the elSinents re- 
combine so as never to appear at the electrodes, as the 
metal terminals plunged in the liquid are called. Platinum 
or gold electrodes are used to show the decomposition of 
water ; otherwise the oxygen carried to the positive electrode 
would not be set free, but would oxidise the metal instead 
of appearing in the test tube (Fig. 41). Three or four 
galvanic cells are usually employed to decompose water. 
The electromotive force of one of tlie usual Daniell's cells 
is insufficient for the purpose^ and this we shall be able to 
prove from a consideration of the chemical affinity of the 
materials employed, and of the work required to be done, 
measured in absolute measure. When the tubes are gra- 
duated so that the volume of the gases can be measured, the 
apparatus shown in Fig. 41 is called a voltameter. Owing 
to the absorption of gas by the water, neither the true 
relative nor absolute volumes of the gases appear in the 

With \'ery few exceptions, electrolysis occurs only in 
liquids. Fused saline bodies are electrolytes, and probably 
many fused oxides are electrolytes, but the reoxldatton 
takes place so readily that this is not easily verified. 
Conduction through electrolytes is subiect to Ohm's law. 
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so far as is known. Electrolytes apparently conduct very 
small currents without being decomposed. 

5 2. Electrolytes are not necessarily decomposed into 
simple or elementary substances. Many electrolytes are 
decomposed into two groups of components; each group, or 
each simple element, is called by Faraday an ion ; with any 
given electrol)T:e, the same group, or ion, always appears at 
the same electrode, so that ions may be classed as electro- 
positive or electronegative ; the electropositive ion appears 
at the negative electrode, and the electronegative ion at the 
positive electrode. 

When the electrolyte is changed, an ion may change its 
electrode, and ions can be classed in a list such that each is 
electropositive to all which follow ; so that an ion such as 
sulphur, which is electronegative towards hydrogen, is electro- 
positive towards oxygen. 

Hydrogen and metals are electropositive relatively to 
acids and oxygen : oxygen is the most electronegative, and 
potassium the most electropositive element. 

§ 3, The bases of salts may practically be classed as 
electropositive ions. When we decompose salts composed 
of two or of three elements, we find the base at the 
negative electrode and the acid at the positive electrode ; 
but this classification is not strictly scientific, for chemists do 
not consider the decomposition, of sulphate of potassium, foi 
instance, as consisting in the separation of the base potash 
from the sulphuric acid, but rather as the separation of 
potassium from the other constituents of sulphate of potash. 
When, however, the potassium appears at the negative pole, 
it decomposes water and combines with oxygen to form 
potash, while at the other pole sulphuric acid and one 
element of oxygen appear. When the decomposition goes 
on rapidly, oxygen and hydrogen in small quantities do 
appear at each electrode ; otherwise they recombine and 
form ivater. The practical result is that the base behaves as 
an electropositive and the acid as an electronegative ion. 
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5 4. The following table is an electro-chemical series, 
in which the most electropositive materials come last : — 

Oxygen Chromium Silver Manganese 

Sulphur Boron Copper Aluminium 

Nitrogen Carbon Bismuth Magnesiuin 

Fluorine Antimony Tin Calcium 

Chlorine Silicon Lead Barium 

Bromine Hydrogen Cobalt Lithium 

Iodine Gold Nickel Sodium 

Phosphonis Platinum Iron Potassium 

Arsenicum Mercury Zinc 

§ 5, The quantity of any electrolyte decomposed by a 
current is proportional to the strength of the current and to its 
duration ; in other words, to the whole ([uantity of electricity 
which during decomposition passes through the electrol)^e. 

The weights of different electrolytes decomposed by a 
constant current are in direct proportion to their combining 
numbers. Tables of these numbers arc given in all worlcs 
on chemistry. 

It follows from the above propositions that if we know the 
weight of any electrolyte which has been decomposed by 
any known current in a known time, we can calculate the 
weight of any other electrolyte which in a given time will 
be decomposed by any given current It does not follow that 
a given battery will decompose two electrolytes at such rates 
that the quantities decomposed in a given time are simply 
proportional to the combining numbers ; the resistance of 
one electrolyte may be so different from that of the otlier, 
that in order to obtain the same current very different 
batteries may be required in the two cases. 

The quantity of eacli electrolyte decomposed by the unit 
current in a second is perfectly definite and constant ; we 
shall denote this quantity by the symbol e, and call it the 
electro-chemical equivalent of the substance. Since the weights 
of the electrolytes decomposed by the unit current are pro- 
portional to the combining numbers of the compounds, 
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the weights of the ions appearing at each electrode will be 
proportional to these numbers, and hence, knowing the 
weight of any one ion produced at either electrode by the 
unit current in a given time we can calculate the weights of 
all the others ; in other words, we can calculate the electro- 
chemical equivalent of each ion, and therefore of all simple 
bodies. The following is a table of the electro -chemical 
equivalents of sotqe bodies expressed in grammes and 
calculated from that of water experimentally determined to 
be '00092 ; that is to say, the table is calculated on the 
assumption that one absolute electro-magnetic unit of current 
(centimetre gramme second) will in one second decompose 
■00092 gramme of water. 



Aluminium 
Antimony , 


■0014I 


Iron . 
Lead 


■01058 




■^383 




■00123 


Barium . 




Manganese 


■002S0 


Bismuth . 


■OI073 






Boron 


-00056 


Nickel 


■00301 


Bromine . 


■00409 


Nitrogen . 


■00072 


Calcium . 




Oxygen . 


■00082 


Carbon . 


■00061 


Phosphorus 


■00158 


Chlorine . 


■oorSl 


Platinum . 


■01007 


Chromium. 


■00268 


Potassium . 


■00199 


Cobalt . 


-00301 


Silicon . 


■00143 


Copper . 


■00324 


Silver 


■00552 


Fluorine . 


■00097 


Sodium . 


■001 18 


Gold 


■oroo? 


Sulphur . 


-oolf,^ 


Hydrogen . 




Tin . 


■00604 


Iodine 


-00649 


Zinc . 


■O0K2 



§ 6. When a current is passed from metal electrodes 
through an electrolyte and decomposes it, the current per- 
forms an action equivalent to the performance of work or. 
expenditure of eneigy— an action whicli may be measured in 
the units employed to measure energy. Let i be the electro- 
motive force between the two electrodes, and q the quantity 
of electricity passing, then the work done by the electricity 
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is, as we know, necessarily equal to i Q ; and if tliis energy is 
wholly spent in decomposing the electrolyte, this product 
measures the eneigy which must be expended on the electro- 
lyte to overcome the chemical affinity of the ions. In ex- 
pending work in this manner on the electrolyte, we may be 
said to add intrinsic energy to the ions : after being decom- 
posed they possess a potential energy in virtue of which 
they can recorabine, and during the recombination they 
must manifest in some form the energy given them when 
they were decomposed. They may manifest this energy in 
the fomi of heat, and if allowed to do so, the total amount 
of this heat of combination must be equivalent to the energy 
expended in decomposing them. Thus, calling i) the heat 
produced by the combination of a unit of weight of one ion 
with the other, and t the electro-chemical equivalent of the 
first ion, then fit will be the heat produced during (he 
combination of as much of that ion as would be decom- 
posed by the unit quantity of electricity, and j H f will be 
the niechttnieal equivalent of that heat where j is 41572500, 
being Joule's coefficient, or the number of absolute units 
of work equivalent to the heat which will raise one gramme 
of water one degree centigrade. Thus the equation ex- 
pressing the equivalence between the heat resulting from 
the combination of two ions, and the work done in decom- 
posing them, will be — 

1 Q = Q J er, 
oi-i = jH£ 1= 

This equation gives the value of die electromotive force which 
is absolutely necessary to effect the decomposition. If we 
have less electromotive force than this, r q can never equal 
Q J ft t; or the work done by the current, no matter what the 
resistance may be, can never be sufficient to separate the 
weight Q E of the ion from its electrolyte. If a greater 
electromotive force than this be maintained between the 
electrodes, the decomposition will proceed very rapidly, but 



bv Google 



CiH.p, XI.] Cfiemical Theory of Electromotive Force, r 7 1 

since i Q will be greater than Q j f, some of the energy of 
the current will be spent otherwise than in decomposing 
the electrolyte, 

§ 7. If we look on the work done in separating two ions 
as a product _of two factors, one factor being the weight of 
one ion m, and the other factor the chemical affinity e, 

then M E = I Q, or e = 1 — . 
Q 

P t the ratio - is equal to e ; hence e = 1 f, or =1, so 

tl at the chemical affinity of the ions per electro-chemical 
eq alcn s equal to the electromotive force required to just 
decon po e the electrolyte. 

§ 8 The ions which by their combinarion form an electro- 
Ijte may generate a current instead of producing heat. If 
the whole energy due to chemical affinity is so employed, the 
value of the energy will, as before, for each electro-chemical 
equivalent the the product j e. The mechanical equivalent 
of the current produced is i, Qi, where i; and q, are the 
electromotive force and quantity of electricity produced by 
the combination of the ions ; but the electromotive force 
just required to decompose the ions is exactly balanced by 
the E. M. p, which the combination of tlie ions can produce. 
In other words, i| = 1, and therefore q, = q. Hence the 
electro ]notive force due to the combination of any pair of 
ions is equal to j e or the mechanical equivalent of as much 
of the chemical action as goes on with the unit of the current 
in the unit of time. 

t may be taken for either ion. Be is constant, whichever 
is taken. 

A table giving the values of is required before ive can 
calculate from the table of electro-chemical equivalents the 
E. M. F. which any given combination will produce. 

§ 9. When a series of ctiemical actions take place in a 
circuit, some of these may tend to produce an e. m. f., the 
others to resist it. We express this fact by saying that the 
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respective values of i for the several reactions may be posi- 
tive or negative. The resultant value oractual electromotive 
force tending to produce a current, or to resist decomposi- 
tion, is the algebraic sum of all the values of i. Thus, in 
the galvanic ceH known as Daniell's cell, the electrodes are 
copper and zinc, ne it the copper there is asaturUed solution 
of sulphate of copper, ^nd ne\t the zmc a solution of sul- 
phate of zinc. The chemical artion is as follows : i. The 
zinc electrode combines with o\(gen 2 The oxide thus 
formed combines with sulphuric acid and forms sulphate of 
zinc, 3. Oxide of copper is separated from the sulphate. 
4. The copper in this oxide is separated from the oxygen. 

The ox^en of the vrater is separated at the zinc electrode 
from the hydrogen, and at the other electrode this hydrogen 
recombines with the oxygen from the oxide of copper, 
but this alternate decomposition and recombination of the 
elements of water can neither increase nor decrease the 
E. M. F. of the cell, the actions being opposite and equal. 

1. The heat evolved by the combination of one gramme of 
zinc with oxygen is 1,301 units. 

2. The heat evolved by the combination of the V2^(> 
gramme of oxide thus formed with dilute sulphuric acid is 369 

3. The heat evolved by ihe combination of the equivaleiit 
quantity '9727 of a gramme of copper with oxygen is 588'6 

4. The heat evolved by the combination of 1-221 gramme 
of the oxide thus formed with dilute sulphuric acid is 293 
units. 

The themial equivalent of the whole chemical action due 
to one gramme of zinc is therefore 1301 + 369 — (588-6 -(- 
293) = 788-4 ; but we require the thermal equivalent of a 
weight of zinc equal to £, and this we obtain by multiplying 
788-4 into ■00342, giving for f) t the value 2-696 ; next, to 
obtain the value of i, this product is multiplied by j or 
41572500, and we then obtain for the electromotive force of 
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a Daniell's eel! about 112,000,000 units, a value which 
agrees closely witli the result of direct experiment. This 
theory and example are taken from Sir W, Thomson's 
paper in the ' Philosophical Magazine ' for 1851. 

§ 10. The separation of substances into ions which appear 
separately at the two electrodes is a fact made useful in 
many ways. Tiie elements or elementary groups gather 
at the electrodes in a state of great purity, and hence 
die process of electrolysation is made use of to obtain 
pure chemicals. Metals may be deposited in this way on an 
electrode of any form which it is desired to copy. The 
metal copy thus formed is called an electrotype. The nobler 
metals are often deposited on electrodes of baser materials 
for the sake of ornament. These electrodes are then said to 
be electro-plated with the nobler metals. Some substances 
cat! only be decomposed by electrolysis, and some ions 
can only be maintained in a state of separation while the 
current is passing. 

§ H. The passage of an ion from the place where it is 
first decomposed to the electrode appears to take place by 
a series of combinations and decompositions. Thus, when a 
molecule of water half-way between the electrodes is decom- 
posed, neither the hydrogen nor oxygen cross the water as 

U3»(|I(1CKJ(jO 

free gases, but the hydrogen of 1/, shown by the white half of 
the molecule, Fig. 84, combines with the oxygen of e, shown 
by the black half of that molecule. This sets the hydrogen 
of c free to combine with the oxygen of b, and finally 
the hydrogen of b combines with tJie oxygen of a, leav- 
ing tiie hydrogen of a free at the negative electrode. A 
similar series of compositions and decompositions leaves the 
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oxygen of g free at the positive electrode. This is shown 
by the fact that ions can be transmitted tlirough materials 
for which they liave a strong chemical affinity witliout com- 
bining with them. 




Thus, put a sohition of sulphate of sodium into a, Fig. 85 ; 
dilute syrup of violets into B, and pure water into c ; pass a 
current from an electrode in c to an electrode in a. The 
sulphate in the vessel a will be decomposed. Soda will be 
found in a, and sulphuric acid, which must have come from 
A, will be found in c. Nevertheless, the colour of the solu- 
tion in B will not have been altered ; whereas the addition 
of a very small quantity of free add to e will produce a dis- 
tinct red colour. 



CHAPTER XII. 

TH ES MO- ELE CIKI CITV. 



j 1. When the junctions of a circuit made of two metals 
are at different temperatures, a current of electricity gene- 
rally flows through the circuit. The electromotive force 
producing this current depends, r, on the metals employed; 
2, on the difference of temperature bet-ween the junctions; 
and, 3, on the mean temperature of the junctions. 

When the mean temperature of the junctions is kept the 
same for circuits containing pairs of metals in various com- 
binations, and when the difference of temperatures between 
the junctions is small and constant, the elect 
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force of each circuit depends only on the metals employed. 
Let us call ^ (a b) the numerical factor by which the 
difference of temperature r between the junctions must be 
multiplied to give the k m. f. of a circuit composed of two 
metals A and b at the mean temperature /, and let us call the 
value of this numerical iactor, when r is equal to unity, the 
tkermiheleciric power of the circuit a b at the temperature t. 
Then, calling >p (a c) and >/) (b c) the thermo-electric powers 
of the pair A and C and of the pair b and c, .ve find experi- 
mentallythat ^ (b c) = ^ (a c)— ^.{a b). This equation ex- 
presses the fact that the thermo-electric power of any pair of 
metals is equal to the difference between the thermo-electric 
powers of those metals relatively to some one standard 
metal a. In order therefore to calculate the thermo-electric 
power of any pair of metals it is sufficient that we determine 
experimentally the thermo-electric power of all metals 
relatively to some one metal used as a standard. In what 
follows lead will be taken as the standard metal. 

§ 2. We call a metal thermo-electrically positive to 
another, when the e. m. f. in a circuit of these two metals 
sends a current from the first to the second across the 
hot junction ; the difference of temperatures r being sup- 
posed small. It follows from § i that the metals m&yfar 
any me mean tempo'ature t be arranged in a series such 
that each will be positive relatively to that beneath it; it 
foUoivs, moreover, that a number may be assigned to each 
metal proportional to its thermo-electric power relatively, 
say, to lead, and such that the algebraic difference be- 
tween these numbers for any two metals will express in any 
arbitrary units the e. m. f. of a circuit of those two metals 
when die junctions are at the mean temperature /, but differ 
by a smdl constant difference r or, say, by unity. The 
thermo-electric series printed in most books give approxi- 
mately numbers of this kind, but the experiments on which 
they are based have generally been conducted without 
reference to the condition that the mean temperature i 
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should be constant, and this temperature is seldom given. 
The thenno-electric series differs entirely at different teni- 
jieratures. The following i; compiled from Dr. Matthies- 
scn's experiments, and is such that approximately the tlier- 
mtxlectric power relatively to lead is expressed in microvolts 
per degree Centigrade. 



Bismulli pressed ( 

Diercial wire , 
Bismuth pure pn' 



Cobalt 

Quicksilvi 
Lead . 



Pressed Antimony wire - 

Silver pure hard . - 

Zinc pure pressed . - 
Copper galvanoplasti- 

cally precipitated . - 
Antimony commercial 

p„nrf »i„ . . - 

Arsenic . , . - 



Gold , 

The mean temperature for which these numbers are 
approximately true may be taken at from 19" to 20° Centi 
grade. 

5 3. Any two metals joined by a third metal so as to form a 
circuit have an E. M. f. equal to that which they would have 
had if directly joined, provided both junctions with the third 
metal are at one temperature ; thus in Fig. 86 the three 
circuits all have the same e. m. f. — that due to zinc and 
antimony alone. The copper wire might be replaced by 
any complex arrangement of substances without interfering 
with the F,. M. F. of the circuit, provided the junctions 
were all at one temperature, except those intended to be 
effective. Thus the e. m. f, of a thermo-electric pair— such as 
zinc and antimony — may be tested by observing, the current 
flowing through a complex circuit composed, for Instance, 
of the copper wire of a galvanometer having brass terminals. 
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and of German silver resislance coils. We must, iiowev^r, in 
such cases test tlie equality of the temperatures at tlie otlier 
junctions by observing whether any current is produced 
when the thermo-electric elenaent is removed, and the 
copper, brass, and Gennan silver connections joined so as 
to make an independent circuit exactly similar to that 
previously used except as regards the removal of the ainc 
and antimony, or other thermo-electric pair. 




§ 4. The thermo-electric powers of different combinations 
not only change with a change of mean temperature, but 
they change in very different proportions. Thus the 
thermo-electric power of copper-silver differs little for tem- 
peratures between 0° and 100°, but the thermo-electric 
power of iron-copper varies rapidly ; so rapidly, indeed, 
as to fall to zero at about 230°, and then again to increase, 
but with the opposite sign ; so that whereas copper is posi- 
tive to iron below 230°, it is negative to iron above that 
temperature. It follows that, if we are to possess accurate 
knowledge as to the thermo-electric relations of metals over 
a considerable range of temperatures, we must have suffi- 
cient knowledge to construct such a diagram as is shown in 
Fig. 87, where the vertical ordinates indicate temperatures 
in degrees Centigrade, and the horizontal ordinates the 
thermo-electric powers in microvolts of the metals relatively 
to lead. 
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This diagram may be looked upon as simply one mode of 
tabulating the thenno-electric powers of metals relatively to 
one another at different temperatures, the horizontal scale 
being so arranged that the distance between the two lines of 
any given metals at any temperature gives tlie thermo- 
electric power of the two metals at that temperature.* 

Thus the thermo-electric power of copper and iron at 50° 
is nearly ti-4, and at 460° is zero, and at 400° it is — 7-6. I 
liere call the thermo-electric power + when the current is 
from the first-named to the second-named trf" a thermo- 
electric pair across the hcrt junction, 

5 5. For any very small differences of temperature the 
electromotive force of a pair is equal to the product of the 
difference of temperature between the junctions into the 
thermo-electric power, so that the area of a narrow strip 
(approximately a parallelogram) r^weseats tliis E. M. F. on 
the diagram. When the breadth of this strip is unity, or the 
difference of temperature 1°, the electromotive force is 
simply equal to the ordinate or to the thermo-electric power. 
When the difference of temperatures is considerable — say 50° 
— the electromotive force is the same as if we bad 5 pairs of 
junctions arranged as in Fig. 88; thus if while a a^ were 



50' fo= 6^ 


-^^.■^ 


V t,' 


«' ^ 


TOC' lOu" 


















NHiiiil 


mm 





joined wen ere to complete a cncuitb) joinu gtlie junctions 
i i], we should m this circuit have an electromotive force 
equal to the parallelogramafli In Fig. 89, where mn and o p 
represent the thermo-electric lines for copper and iron. 

* Tlie &rsl diagtaift of this tind was given by Sir William Thomson 
in the Kakerian Lecture on the eleclio-dynaiiiic qualities of melals, Pliil. 
Trani, 1856, p. 30S. 
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If we now were to break the circuit at a a,, Fig. 88, and 
leaving b d, joined were to join ^^i, we should iiaveacircuit 
bl>i Ci t:, in which the e. m. f. would be represented in Fig. 89 
by the parallelogram bb-^. Similarly in the circuit dd^ cc„ 
;. 88, the e. m. f. would be represented by the arf 




Now when a a, are joined, and//i are joined, and all the 
other cross connections broken, the e. m. f, of the aeries is 
the sum of aH the electromotive forces of each of the little 
circuits a a^ b b^, b b-^ c c-^,c c-^ d dy, &c., and is consequently 
Represented by the area a a, f, f in Fig. 8g. Thus the 
dectromotive force of any pair with tlie two junctions at any 
two temperatures can be calculated by calculating the area 
enclosed between the two thermo-electric lines of those 
metals, and the ordinates corresponding to the two extreme 
temperatures. 

§ 6. In taking out this area we must, however, observe 
that if the areas to the left of any point where two lines cut 
are called positive, those to the right must be termed nega- 
tive, for they represent an E. m. f. tending to send the current 
in the reverse direction. If, therefore, the two junctions are 
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at such temperatures that the areas are equal, no e, m. f. 
will be produced in the circuit 

The points where the two lines for any metals cut are 
called the neutral points for those metals, because at that 
temperature the metals are neither positive nor negative re- 
latively to one another, their thermo-electric powers being 
equal. When the lower junction is so far from the neutral 
point that the triangular area intercepted by the ordinate of 
its temperature is greater than the triangular area cut off by 
the ordinate of the higher temperature, the current will go 
from the metal highest on tlie scale below the neutral point 
to the other through the hot junction. The direction of the 
current will be tlie opposite if the triangular area above the 
neutral point is the greatest. 

§ 7. So far, we have been following Sir William Thomson. 
Professor Tait, led by theoretical considerations, lias experi- 
mentally proved that the thermo-electric linesarein most cases 
approximately straight between o" and 300° Centigrade, and 
probably at much higher temperatures. This greatly facilitates 
the calculation of e. m. f., because the areas to be dealt with 
are simply triangles, or trapezes. Let m be the distance sepa- 
rating thelinesofthe two metals forming the pair at the mean 
temperature of the junctions ; let /, — i^ be the difference 
of temperatures ; then m ((', — i„) is the e. m. f. of the 
p^r under those c d b h tr 

or triangle, above m 

that when the me 

that of the neutra p rr fl h 

circuit. This giv m d rro g 

points of metals w gr ur P 

also established th h h m 

line of iron, wheth p m ^ p 

towards red heat, is h 

there may be two or more neutral points in one circuit wlien 
iron or steel is one of the two metais. 

The E. M. F. of any pair may be calculated in microvolts 
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from the diagram (Fig. 87), taking the measurement of the 
onean distance between the lines of the metals by the hori- 
zontal scale, and the vertical measurements in degrees 
Centigrade ; but it is obviously more convenient to calculate 
than to measure the length of the mean distance between 
the lines, and for this purpose the following table is given, 
containing the tangents of the angles at which the lines are 
inclined. Let k^ and k^ be the tangents for two given 



Pi-of. Taifs Ther, 



k TaMeiiansertai lo gine £.M.F. ii. 



„.,.., 


Nfi..™l Point wilh 
Degrees Ceilligrsde. 


''■^"^I"e'a?ir„f" ""■ 


Silver' '. '. \ 
Copper 

Lead .'.'.'. 

Aluminium 

Tin ... . 

German silver . 

Palladium . . . 


-69 

+ 27 

-113 
+ 45 

+ 357 


-0364 
-■0289 
- 0146 
--0124 
-■0056 

+ •0026 
+ -0067 

+ ■0420 



A'liit.— The straighlness of the thermo-electric lines has not been 
verified below o" ; hence the table must only be nsed to calculate 
E. M. F. for couples between o'' and 400° or 500° Centigrade. 

The metais used were not chemically piire. 

This mUe is calculated from the iron series in Prof. Tait's table, 
p. 599. Proc R.S.E. 1871-73, taking the E.M.t. of a Grove's cell 

loetals. Let K] and n^ be the temperatures of tiieir neutral 
points with lead. Let t^ be the mean temperature of the 
junctions; then the mean ordinate or m is given by the 
formula 



I.) - 1, ('<, 



'.) 



Thus, let the mean temperature of a pair of copper-iron 
junctions be 50°, and the difference of the temperatures of 
the junctions 100"; then (50 -|- 68) (—-0124) = — 1-46 is 
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one portion of the niein ordinate (lor copper), and 
(5° - 357) (■042) = - 129 IS the other (for iron). 
1'heir difference is 11 43, and this multiplied into 100" gives 
1143 as the E. M. F. of the copper iron pair m microvolts. 
When the thermo-electric Imes of two metals are nearly 
parallel, the e. m. f. produced by a pair of those metals will 
be nearly proportional to the ditference of temperatures 
maintained between their junctions. For metals or alloys, 
the lines of which diverge, no such law even approximately 
holds good, and it is necessary, before the e. m. f. can be cal- 
culated, that we should know not only the difference of tem- 
peratures, but the actual temperatures of the junctions. 

§ 8. Anumber of thermo-electric pairs, or elements, may be 
joined in series, so as to give an e. m. f. which is the sura of 
the electromotive forces of all ft^, ». 

the elements. To do this it 
is only necessary to join the 
metals, as shown in Fig.90, and 
keep all the junctions on one 
side, as at a, warm while the 
other side is cold. .Batteries-I^ 
of this kind are easily made ^^z^^j^ 
with exceedingly small resist- ^ihb 
ance, so that when the other 

resistances in the circuit are also small, considerable ci 
will be produced— greater currents than could be obtained 
under similar circumstances from a Danieli's cell of moderate 
size. A bismuth-antimony pair may be prepared having, say, 
an E. M. F. of 100,000 microvolts, or about y\r the y,. m. f. of a 
Daniell's cell, while the resistance might be reduced to almost 
any desired extent by increasing the section of each element. 
Thus, if each element were about 2 centimetres in length, 
and a tenth of a square centimfetre in section, the resistance 
of the pair would be about 3,370 microhms, and the resist- 
ance of 100 such pairs would be 337,000 microhms, or 
•337 ohm, so that through a short circuit they would give 
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a greater current than any except the largest sized Daniell's 
cell. There are thermo-electric pairs which give a mucli 
greater e. m. f, than the above, but generallj' the increasfe in 
E. M. F, is to a great extent counterbalanced by an increase in 
tlje internal resistance of the pair. 

§ 9. Thermo-electriccurrents are produced by non-metallic 
substances. Metals and fusible salts form powerful pairs, 
wliich are generally held to be thermo-electric, and Becquerel 
has constructed a battery of the artificial sulphuret of copper 
and German silver, in which the salt is used without being 

Tliermo-electric currents are also produced in circuits of 
metals and liquids, and probably in simple liquid circuits. 

§ 10. The chief practical use to which thermo-electric bat- 
teries have been put is the measurement of small differences 
of temperature, Melloni introduced this method of ob- 
serving changes of temperature. A thermo-electric battery, 
Fig, 91, is connected by the terminals / /, with a galvano- 




meter having a very small resistance; one series of junctions 
II is maintained at one temperature as nearly as possible, 
being enclosed in a metal case ; the other series of junc- 
tions A is exposetl to radiation from the objects the teni- 
peratures of whluh are to be compared. The junctions arc 
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screened by tubes from the radiation of other objects ; 
these tubes aj« shown removed from the battery in Fig. 91. 

When any substance warmer than the space opposite b is 
allowed to radiate heat upon the junctions a, the galvanometer 
is immediately deflected. When the junctions Aradiate heat 
to a colder substance than E, so as to become colder than 
B, a deflection to the opposite side is produced ; for small 
differences of temperature the currents produced are pro- 
jjortional to the differences of temperature. This arrange- 
ment is so sensitive, that by its aid the heat radiated by 
tjie fixed stars has been detected. 

§ 11. In accordance with the doctrine of the conser\'ation 
of energy, heat is transformed into electricity in the thermo- 
electric circuit ; the work done by the current is precisely 
the equivalent of the heat so transformed. If the whole 
work of the current consists in heating the conductors, the 
effect is merely a transference of heat by means of elec- 
tricity from one part of the circuit to another ; so that, in 
accordance with the law of dissipation of energy, the parts of 
the circuit are, on the whole, more nearly at one tempera- 
ture than if no current had been produced, and heat had 
merely been conducted along the wires. If the current is 
einployed to do mechanical work, an equivalent amount of- 
heat is abstracted from the circiiit, and reappears in the 
bearings of the working machine and the materials it works 
upon ; similarly a portion of the work done may be electro- 
chemical. In whatever form the work is done, in the whole 
circuit this work will be equal to 1 q § 2, Chap. VIII. 

The heat is transformed into electricity at the hot junction, 
and also at unequally-heated portions of one or both metals. 
Peltier discovered that a current flowing through a circuit of 
two metals heated one junction and cooled the other. Now, 
the current which flows in a thermo-electric circuit flows in 
such a direction in general as to heat the cold junction and 
cool the hot one ; so that for some time it was considered 
that the heat producing the current was wholly absorbed at 
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the hot junction, and given out at the cold junction dimin- 
ished by radiation, and by an amount equivalent to the work 
(lone in the rest of the circuit. 

Sir William Tiiomson pointed out that this explanation 
was incomplete, for when a junction is at the neutral point 
no Peltier effect can occur ; the two metals are then thermo- 
electrically identical; nevertheless when the hot junction is at 
the neutral point and the other junction at a lower tern- 
perature, a current is observed, increasing as the tsmpera- 
ture of the lower junction is diminished, and the direc- 
tion of the current is such as to heat the cold junction. 
Heat must therefore be absorbed at other parts of the 
circuit than at either junction. 

^ 18. We may, perhaps, best conceive of the manner in 
which this heat is absorbed by considering what would occur 
if a current were passed through a series of metal pieces, 
arranged as in Fig. 92, where each is in succession more posi- 
tive than that wiiich precedes it, a being the least and k the 
most positive. If a current is passed from a to k, it will flow 
in the direction opposed to that in which a current would 



I ) ! I I I I I i I ~1 ' 

flow across any of the junctions, if that were the hot junction 
of a circuit made of those two metals, and therefore every 
junction would be heated ; whereas if the current were 
passed in the other direction, as shown by tiie arrow, every 
junction would be cooled. If the Peltier effect at every 
junction were the same, the bar would be heated and cooled 
uniformly ; but if llie Peltier effect increased from a towards 
k, then the bur would be unequally heated or cooled by the 
passage of the current. The current in the direction of the 
arrow would cool the bar most near k so as apparently 
to heap up heat towards a, whereas a current in the opposite 
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direction would heap up heat towards k ; in other words, 
in such a bar as this, positive electricity might be said to 
carry heat with it. N ppe b h d 

k cooler than the etid b w m d 

an infinite number o h tt m 

hot to cold heats it d h h 

iron bar behaves as h d ^ h 

were the more pos h rr m d 

Iiot heats iron. Th h p g p h m g 

the direction opposed h h rr 

a tunent from hot t d bs b h d 

from cold to hot abs b pp d h 

pair is formed of copp 
at the neutral point, 

the copper and hot H h pp 

and iron both absorb h d tl re 

the two are added. V m p 

in tlie one unequally heated metal is opposed to that m .he 
other. In this case the stronger e. m. f. overcomes the 
weaker, and the resultant current is due to the diiference of 
electromotive forces. The discjvery of the absorption or 
evolution of heat due to the unequal temperatures of metals 
and its convection were predicted from theoretical conside- 
rations by Sir William Thomson, who afterwards verified his 
conclusions by experiment. 



CHAPTER XIJI. 



Jl. A GALVANOMETER is an instrument intended to detect 
the presence of a current and measure its magnitude ; all 
forms of the instrument consist of a coil of insulated wire and 
a magnet freely hung or pivoted so as to be easily deflected 
by the passage of a current through the coil. The wire 
forming the coil is so wound that each turn lies in a plane 
approximately perpendicular to the axis of the undefiecled 
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magnet. The current, in passing through the coil, or bobbin, 
of insulated wire, produces a magnetic field in the space in 
which the magnet hangs, and the couple tending to deflect the 
magnet is directly proportional to the strength of this field 
and to the moment of the magnet. The opposing couple 
tending to bring back the magnet to its undefiected position 
may be due to various causes. 

In one class of galvanometers the magnet is suspended 
or supported in a horizontal plane, and the opposing couple 
is simply due to the earth's magnetism. In instruments of 
this class, no increase in the moment of the suspended 
magnet will increase the sensibility of the instrument — that 
is to say, it will not increase the deflection due to a given 
current — for by just as much as the deflecting couple is in- 
creased, by so much is the opposing couple also increased. 
The complete magnetisation of the needle therefore is 
not of much consequence, and a diange in the magneti- 
sation of the needle does not alter the sensibility. A 
small, light magnet will also in this class of instruments be 
deflected through the same angle as a large, heavy one, and 
will have the following advantages : ist That the small 
magnet will require only a small coil to surround it, and that 
this small coil will for the same number of turns produce a 
more intense magnetic field (§ 8, Chap. VIII.) than the 
large one, and offer much less resistance than the large 
coil, if made of the same wire. and. That the inertia of the 
small magnet being less relatively to the magnetic moment. 
it will reach its maximum deflection more quickly, and will 
come to rest more rapidly than the large magnet. It will 
also indicate transient currents which do not last long 
enough to deflect the large magnet. 

§ 2. In a second class of galvanometers, the couple oppos- 
ing the deflec;ion is due not to magnetism, but to weight. 
The magnet is pivoted in a vertical plane, and has one end 
slightly weighted, so as to hang upriglit when undetected. 
In these instruments any increase in the magnetic moment 
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of the magnet increases the sensibility, assuming tlie c( 
balance or directing weight to remain constant. Hence in 
these instruments, to ensure the greatest sensibihty the 
needles should be magnetised to saturation, but, in order 
to ensure constant sensibility, the magnetism of the needle 
must remain constant, and these two conditions can rarely 
oe realized t g h T! 1 mp f he 

earth's magne m he 

needles, but i tf us lly ly bl m- 

parison with tl f h w gh Tl not 

generally inte ddfh dca Imll nts 

as those descr b d g W h y m 11 „ ts is 

difficult to diminish the friction of. the pivots and the counter- 
balance proportionately to the diminution of the magnetic 
Tnoment. Hence in some forms of the second class it may 
be disadvantageous to diminish the size of the needle. 

§ 3. In choosing a galvanometer for any special purpose, 
we must first consider the character of the circuit into which 
it is to be introduced. The introduction of the coil of the 
galvanometer into the circuit will in all cases increase the re- 
sistance of the circuit, and therefore diminish the current. If 
ihe coil has a small resistance relatively to tliat of the other 
portions of the circuit, the diminution of the current will be 
sm.ill, and may in some cases be altogether neglected ; but 
if the resistance of the original circuit be small, the mere 
introduction of the galvanometer intended to measure or 
indicate the current may reduce that current a thousandfold 
or more. In all cases there is some advantage in using a 
galvanometer coil of small resistance, but in order that a 
small current may produce a sensible magnetic field, it is 
desirable that it be led round the coil as often as possible, a 
condition antagonistic to the former. We can readily see 
that for circuits of small resistance the galvanometer giving 
the largest deflection will be an instrument having a coil 
with few turns of thick wire ; but for circuits of large resistance, 
galvanometers having thousands of turns of thin wire will be 
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oil the whole most advantageous. In some writings these 
two classes of instruments are spoken of as adapted to two 
different classes of currents instead of to two different 
classes aiciraiiis. The instrument with numerous turns of 
fine wire is said to indicate intensity currents, the other class 
to indicate quantity currents. These two old names survive, 
although the fallacious theory vthich assumed that diere 
were two kinds of currents is extinct; the term 'intensity 
galvanometer ' is used to signify an instruraent with thousands 
of turns of thin wire in its coil, and ' quantity galvanometer ' 
an instrument with few turns of thick wire. I shall name the 
two varieties 'long coil' and 'short coil' galvanometers. 

§ 4. The student must clearly understand that equa! de- 
flections on the same galvanometer always indicate equal 
currents. These currents may be flowing through very 
different circuits, and any given change may produce very 
different effects in the two circuits ; but so long as the 
currents produce the same deflection in the same or equal 
galvanometers, the currents are equal, though the circuits 
may be very different Thus, using a short coil galvano- 
meter having a resistance of, say, o'l ohm, and no 
other external resistance in circuit, a thousand voltaic 
cells in series will produce about the same deflection as one 
cell of the same kind. The thousand cells produce 1,000 
times the electromotive force that one cell does, but the 
resistance of each cell, which we may assume as 4 ohms, is 
much greater than that of the short coil galvanometer. 
Hence, the resistance of the thousand cells added to that of 
the galvanometer will be about 1,000 times greater than that 
of one cell added to the galvanometer, being 4000"! in one 
(.■ase, and 4-1 in the other. The resistance varies in nearly 
the same proportion as the electromotive force, and there- 
fore the galvanometer shoivs nearly the same deflection, 
indicating nearly the same current in the two cases. In 
the example taken above, the thousand cells would give 
a defieciion greater than that of the single cell in the 
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proportion of 41 to 40 nearly. When a long coil galva- 
nometer, having a resistance of, say, 8,000 ohms, is em- 
ployed, very different results follow. With one cell perhaps 
no deflection is observable, whereas with one thousand cells 
the needle is violently thrown against the stops limiting its 
deflection. Tlie cause is simple. With one cell the resist- 
ance of the whole circuit, which will be 8004, including the 
long thin wire of the galvanometer, was so great that the 
K. M. i\ of one eel! did not give current enough to deflect the 
needle ; but when a thousand cells were employed, the 
electromotive force was a tbousjndfold greater, and the 
whole resistance of the circuit was 8000 4- 4000, or 12000 
ohms. Hence if the e. m. f. of each tell be taken as one 

volt, the current in the first case wiH be ^ - or nearly 
8004 ' 

0-OOOT25 farads per second, whereas m the second case 
it will be ^°°° or o'o833, or about 666 fold greater. The 
couple deflecting the magnet of the galvanometer will also 
be 666 fold greater in the second than in the first case. 
Remark, however, that neither current will be so strong as 
that produced when the short coil gahanomcter was used ; 
for in that case, with a single cell the current would be — 

^ 0-244 farad per second, or roughlj three times that due 
to the thousand cells as above ; nevertheless the couple ex- 
erted on the magnet of the long coil galvanometer wou'd 
be far greater with o'o833 farad than that exerted on the 
short coil galvanometer by o'244 farad simply because to 
produce the same couple the long coil galvanometer would 
only require about three times as many turns as the short 
coil galvanometer, whereas in practice it would have several 
hundred times more turns. The greatest deflection with 
any given circuit is obtained by using a galvanometer, the 
coils of which have a resistance equal to that of the other 
parts of that particular circuit. 
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§ 5, The sensibility of any galvanometer tlie needle of 
which is directed by a magnetic field may be increased 
by diminishing the intensity of the magnetic field. The 
opposing couple is due to the intensity of this field, and 
by its diminution the deflection due to a feeble current 
may be indefinitely increased. This diminution of the 
intensity of the original magnetic field is most easily 
brought about by laying a powerful magnet near the gal- 
vaoometer, in such a position as to counteract the earth's 
magnetism, i.e. in the magnetic meridian, with its north 
pole pointing north. This magnet, often called a com- 
pensating magnet, is best placed in the same meridian as 
the suspended magnet. As the intensity of the field 
diminishes under the influence of this magnet, the rate 
of oscillation of the suspended magnet diminishes, and by 
observing this rate we can determine tlie increase of sensi- 
bility. The period of oscillation is inversely proportional 
to the square root of the intensity of the field, and as the 
directing couple is directly proportional to this intensity, 
and the sensibility inversely proportional to the directing 
couple, we have the sensibility directly proportional to the 
squares of the periods of oscillation. So long as the 
magnetism in tlie needle of a galvanometer remains un- 
altered, its relative sensibility with the compensating magnet 
at different distances can be roughly computed in this 
manner ; I say roughly, because the number of swings 
which can be counted is small when the sensibility is great, 
owing to the resistance of the an, and this resistance would 
also necessitate a correction In the above series of propor- 
tions. This method of obtaining a sensitive galvanometer 
has the following defect : Inasmuch as the directing field is 
due to a difference between two nearly equal magnetic fields, 
a very small change in the direction or intensity of either pro- 
duces a great change in the difference ; and as the direc- 
tion and intensity of the earth's magnetism is perpetually 
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Tlie suspended magnet m very sensitiv e instruments should 
be hung oy a single silk fibre, such as can be obtained from 
the silk tlireads in a common silt ribbon. The viscosity and 
torsional elasticity of this fibre put a limit to the possible 
diminution of directing force as described above. 

§ 6. The most sensitive instruments employed are those 
knoivn as Astatic gaivanometers. In these instruments two 
magnets joined as in Fig, 93, with the north pole of one 




over the south pole of the other, form one sus|:en(ied system. 
If the two magnets had exactlj- equal moments with axes 
precisely parallel, they would hang in equilibrium in any 
direction in any uniform magnetic field. The moment of one 
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magnet always. slightly exceeds that of the other, and by this 
excess directs the system. A single galvanometer coil may sur- 
round one needle, or as is obviously better, each needle 
mayha^e its own coti, the two coils being so joined that 
the current must tircuhte in opposite directions round the 
tivo so as to deflect bodi magnets similarly In one 
common form of the astatic gahanometer, needles about 
a couple of inches long are used, and their deflection is 
iil)served by means of a pointer or glass needle, a e, Fig. 93, 
rigidly connected with the astatic system by a prolongation 
of the brass rod c d. This pointer oscillates over a gradu- 
ated circle, and its p.osition is observed by a microscope or 
simple magnifying glass. The coils are raade flat, of the 
shape indicated in Fig. 93. To allow the introduction of 
the needle, the top and bottom coils are made in two 
halves, placed side by side, with just sufficient space between 
them to allow the rod c D to hang freely. 

In Thomson's mirror astatic galvanometer, Fig. 94, the 
magnets are much reduced in size, being only about ^ in. long. 
Tiiey ate connected by a strip of aluminium C d, and are fre- 
tiuently compound magnets, that is to say, the top magnet is 
replaced by four little needles, all magnetised to saturation 
and placed with their poles in one direction while tiie 
bottom magnet is replaced by four similar little needles, 
having their poles also all placed in one direction opposed 
to that of the upper system ; the coils are made circular ; 
the upper and lower coils are each made in two halves, 
placed side by side. This arrangement gives the most 
sensitive galvanometer yet constructed. 

5 7. A galvanometer with a single magnet directed by any 
uniform magnetic field, and made with a coil large in 
diameter relatively to ihe length of the magnet hung in 
the axis of the coil, is calied a tangent gahanometer, be- 
cause the tangents of the angles to which the needle is 
deflected by the currents are proportional to the currents 
tiausing the deflections. This law has been proved above, 
5 3, Chap. VIII. The best form of tangent galvanometer is 
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tint 111 wlucli there are two coils m parallel planei Fig 95, 
•.i-parated by a dist-ince equal to one hah their diimetei 
The magnet which should be short, is. hung in the common 
IMS of the coiU hilf iiaj between them 

The object ol this irrangi-nicnt is to do aw-i) with the 
iirjr due tj the sensible length of the m^net uid to 
111) small deviation from a truly central position 

Ihe deflection is observed by means ot a I ght ghsi 
pointtr oscillating 01 er a graduated limb 

S 8 A galvanometei, whether ^stUic or not, with nng 
nets directed by any uniform maf,netic field, and havmg 
the coils constructed so as to be capable of turning on 
the axis round which the magnet tuins is called a suit 
■, because, if the 1 oils be turned by hand '!o as 
iriLil phne parallel to that passing through 



the magiLt when defleaed bi a currert then .urrents 
deflecting, the magnet to angles and (*, will be to one 
another in the ratio of sm fl and sm H, this follows from 
Ihe cmsiderations explained in §3 Lhap VIlI Sine gal- 
vanoieteri can be easilj mide much more sensitive than 
tanp,ent gah anometers, because thej may be astatic, and 
because the coils XK\\ closel} surrourd the magnets They 
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t for many purpose?, because an observation 
with tlieiii occupies a longer time than with any other 
galvanometer; each adjustment of the coils moves the 
magnet also, and many trials are necessary before per- 
fect parallelism of the planes is arrived at. This paral- 
lelism is attained by bringing a fiducial mark attached to 
the coils vertically under a pointer attached to the magnet. 
A vernier is attached to t!ie coils, and the angle through 
wliich they are turned from the position indicated by the 
fiducial mark when no current was passing to that indicated 
by the fiducial mark when the current flows is read off" on a 
graduated circle. This can be done with great accurac)-. 
The coils are generally moved by a tangent screw. 

§ 9. Tlie form of the coil in a galvanometer is not a 
matter of indifference. The coil may be too broad and flat, 
or it may be too narrow, to give the greatest intensity of 
magnetic field wliich can be produced by a given lengtli of 
wire wound into a coil. For a given length and size of ivire 
there is always one form giving the best effect. This form 
bas only been determined for the simple circular coil used in 
the mirror galv: 




The form of the curve, bounding the best section of the 
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coils, is given by the following equation, due to Sir William 
Thomson : 

where x is the ordinate measured in a direction parallel to 
the axis of the coil, y the ordinate perpendicular to that axis 
and a the distance O B. The origin of the co-ordinates is at 
centre of the coil, where the magnet liangs. Fig. 96 shows 
the theoretical curve and a longitudinal section of a practi- 
cable coil A portion of the area enclosed by the curve near 
the magnet is necessarily omitted to give room for the magnet 
to move ; a practical approximation is made to the best 
form by winding the wire on a bobbin of the proportions 
shown, and filling with wire that portion which is cross- 
hatched . 




To get the best result the wire sliould not be all of one 
gauge, but should increase with the diameter of the coil, so 
that the cross section of the wire maybe directly propor- 
tional to the diameter of the coil at each point : the resist- 
ance of every turn of the coil will then be equal. It is prac- 
tically impossible to follow this plan rigidly, but three or four 
sizes of wire, may very properly and easily be employed in 
winding a galvanometer coil. 

^ 10. Sir William Thomson has given the name aigraded 
galvanometer to an instrument constructed as above, and 
having also a moveable arm or lever by which one of the two 
terminals t. Fig. 97, can be connected by an arm a c. 
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hingefl at c. witii the several stops, i, z, 3, 4, so as to 
include in tht gahanometer circuit either the \\hole of 
the ttirc, or |, or \. or J, but m all cases so as to use tiie 
most efficient part of the wire for the degree of sensibihty 
required The relatue seiisibihty of each grade is easily 
determined by expenment, and is constant 

§ 11 Sii William Thomson has given the name of liuiil 
beat galvanometer to a mirror gaKanomcter having the 
follovving peculiantie'; — i very light mirror , 2 four small 
magnets at the back ins'ead of one of equal n eight, 3, 
the cell in uhich the mirror moves only lust large enongh 
in diameter to allow the mirror to deflect , 4 the Iront 




and back of the cell so close as each separately to act 
as a stop, preventing deflection of the mirror beyond the 
angle required to bring tlie spot of light to the end of the 
scale. The mirror does not strike the stops in actual use. 
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With instruments so made the spot of light moves to the 
final deflection without oscillation being checked by the 
viscosity of the air. The same end is loach less per- 
fectiy attained in some instruments by a vane of light 
material hanging from the magnet. This vane sonictimes 
dips in water, and Mr. Vailey has made galvanometers in 
which the cell containing the magnet and mirror is full of 
water. 

§ 12. The Marine galvanometers a galvanometer adapted 
for use at sea. It must he so constructed that neither tlie 
motion of the ship nor the change of direction produces 




sensible tieflections. This result has been obtained by 
Sir William Thomson in tlie following way : The magnet 
and mirror of a mirror galvanometer are strung on a 
bundle of straight silk fibres, stretched between * and e, 
fig. 9S. The suspended system is balanced so that the axi^ 
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of the fibres passes tlirough its centre of gravity. A power- 
ful directing horse-shoe magnet, not shown in the drawing, 
embraces the coils, and serves to overpower the directive 
force of the earth's magnetism, the effect of which on the 
suspended magnet is moreover mucli wealtened by a 
massive soft iron case, enclosing the whole s)Stem every- 
where except at the little window D, by which the rays of 
light reflected by the miiror enter and return. An adjusting 
magnet n S is worked by a ratchet and pinion f. 

%. 13, The differmiiat galvanometer has two equal coils, 
so arranged that when the same current or equal currents 
pass through the two coils in opposite directions, the 
magnet is not deflected. The effect of one coil is com- 
pletely neutralised by that of tlie other. The differential 
galvanometer ismost easily made by winding simultaneously 
two equal wires on the coil. These two wires are sometimes 
arranged in a sort of ribbon or plait, being joined by the 
silk used to insulate them. The accurate equality of the 
magnetic fields produced by the two coils is easily tested, 
for if a current pass from the battery first round one coil 
and then round the other in the opposite direction, it 
should, no matter how great its strength, produce abso- 
lutely no deflection. In most cases a small deflection will 
be observed, but this is easily remedied by adding a few 
turns to the weaker coil Ififter this h■^s been done t'^e resist- 
ance of one CO I exceeds tl at of tl e otl er a en^ h of wire 
can be a Ided to tl c co I of lea I res stance and placed in 
such a pos t on 1 not to teni to deflect the n agnet ; the 
instrument w II then be n perfect adjustment This is a 
very usefu n trument as vc shall see n a future chapter, 
for the p rpo e of cumpanng res stances Tie coils are 
sometines nade of Cema s er n te d of copper. 
German s Iver has i much gre e es stance th n copper, 
but its res tance vares uch less itl changes of tempera- 
ture. In 1 tfe ent il galvanon e ers te ded o be used in 
circuits o I se of greit res sta ce e to al e istance of 
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\ is of small importance, but the equality of the 

e of the two coils is very important. 
§ 14. The sensibility of a galvanometer may be varied 
in a very simple manner by the use of what is termed a 
shunt. A. shunt is a resistance coil, or coil of fine ivire 



nf, taking 

Thus let 



used to divert some definite portion of a 
it past a galvanometer instead of through iti 
G, Fig. 99, represent the galvanometer 
coils, and let s represent the shunt. Let 
the resistance of theshunt be ^th that of 
the galvanometer; then, of a total cur- 
rent passing from c to D, 9 parts go 
through the shunt and do rot deflect 
the needle, while i part goes through 
the galvanometer; only ^'^th of the 
whole current is therefore effective in 
deflecting the needle, and the deflec- 
tion (supposing a mirror galvanometer u 
be used) is only T^gth of what it would 
have been had no shunt been used. Similarly by making the 
shunt equal in resistance to Ti'^th of the galvanometric coil, 
we reduce the sensibility of the instrument to the -j-aTith part 
of its original sensibility. Most galvanometers used for 
measuring currents are now sold with shunts = ^th, g'^th, 
and ^5Tith, of the galvanometer coil : by these the sen- 
sibility of the instrument can be varied looofold. The 
shunts must be made of the same metal as is used for the 
coils, and should be placed so as to be as nearly as possible 




bv Google 



20:! Electricity ami Magnetism. Cuap. XIII. 

cases diminish the resistance of the circuit, so thai unless 
this resistance is so great that the resistance of the galvano- 
meter forms no sensible part of it, the deflections will not be 
altered in the above prdportion. Let r be the resistance of 
all parts of the circuit except the galvanometer. Then, if 
the E. M. F. remain constant, we have r + g as the total 

resistance when no shunt is used, and R + -S^ when the 

G +s 
shunt S is used. The currents c and Ci will therefore bf in 
the proportion of r + to r + o ; and compounding 

this ratio with that given above, we have for d and di de- 
flections due to a constant e.m. p. with and without the shunts 
d : dx = R (g 4- s) + G s : (r + g) s. 
5 15. Galvanometers intendedfor circuits of extremelysmall 
resistance sometimes consist of a single thick ring of copper. 
The cell or battery used with such a galvanometer as this 
must be of such construction as to have very small internal 
resistance, or no deflection will be observed. A Grove's 
cell {vide infra. Chap. XIV. § 14) with large plates will give 
a current which can be observed with a single ring galvano- 
meter. Galvanometers intended for thermo-electric experi- 
ments must have very small resistance, and are frequently 
made with twenty or thirty turns of No. 20 wire Birmingham 
wire gauge, the diameter of which is nearly o'og centimetres. 
The resistance of these galvanometers may be less than 
a quarter of an ohm. Galvanometers intended for use in 
circuits of great resistance are frequently made with wire 
of No. 30 or No. 36 B.w.G,, corresponding to the diameters 
o'O305 and O'oio6 centimetres, and the resistance of these 
galvanometers is frequently as much as 8,000 ohms. About 
half a yard of the No. 36 gauge copper may have a resist- 
ance of one ohm, so that the above resistance would require 
4,000 vards of copper wire. The resistance in itself is a 
defect, but it is impossible to get a large number of turns 
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into a small space without great resistance. It is very im- 
portant that every coil of the galvanometer should be per- 
fectly insulated from its neighbour : if any two coils touch or 
are connected through the silk, they are, in technical lan- 
guage, said to be short-circuited ; the current does not then 
flow round any of the intermediate turns, and the effect of 
these is lost. When there is no actual metallic contact there 
may be imperfect and uncertain insulation, and this is the 
worst defect a galvanometer can have ; its resistance becomes 
uncertain and variable; the shunts can no longer be de- 
pended upon as equal to definite fractions of the resistance, 
and the instrument is useless for accurate observations. 
The insulated wire should not only be thoroughly covered 
with silk, but should also be baked so as to be very dry 
before being wound on ; and after a few layers have been 
coiled, the bobbin should be baked again and dipped in 
pure melted paraffin. When the coiling has been completeil 
the whole coil should be again baked, and its resistance 
compared with the calculated resistance of the wire wound on. 
Contact between coils of a differential galvanometer is 
obviously a radical defect ; and when two or more 
distinct coils are wound on the same bobbin, as is some- 
times done, these coils must be very carefully insulated. 
Serious errors in testing have arisen from bad insulation 
benvecu different coils and different paris of the same coil. 



CHAPTER XIV. 

ELECTROMETERS. 



§ 1. Electrometers indicate the presence of a statical charge 
of electricity by showing the force of attraction or repulsion 
between two conducting bodies placed near together. This 
force, depending in the first place on the quantity of electricity 
with wliich the conducting bodies are charged, ultimately 
depends on the difference of potential between them; an 
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electrometer is therefore strict'iy an instrument for n 
difference of potential. It is used often simply to indicate 
the presence of electricity, but it does not measure quantity, 
and when used to compare quantities it can do this only 
because under given circumstances the differences of 
potential produced between the two conductors are propor- 
tional to the quantities on the bodies by which one of the 
conductors of the electrometer is successively charged. 

The usual repulsion electroscojjes have already been de- 
scribed. They are known as the pith-ball or Canton's electro- 
scope ; the gold leaf or Bennet's electroscope and the Peltier 
electroscope. Bohnenberger's electroscope, which consists of a 
single gold leaf hanging bet n e en two symmetncally disposed 
knobs maintained one at a positive potential and the other at 
an equal negative potential belongs to a different class 
called by Sir William Thomson lieterostatic electroscopes— 
or instruments in which, besides the electrification to be 
tested, another electrification maintained independently of 
it, is taken advantage of. In Bohnenberger s instrument the 
independent electrificAtion maintain ng the two knobs at i 
constant difference of potential is produced bj a kind i,f 
galvanic battery called a drj pile consisting of thin fhtc 
of two metals soldered together and stpirated bj i \\ cr 
which remains very slightlj moist in consequence of conta n 
ing some deliquescent raatenal. Sometimes the metal plates 
are replaced by metals in powder adhenng to the paper So 
long as the gold leaf is neither positive nor negatne it is 
neither attracted to the right nor left positive electnhcat on 
deflects it to the negative knob, and ZKeiersa 

A modification of Bohnenberger s electroscope, Fig too, 
may be made, in which the heterostatic charge mav "ith 
advantage be given to the gold leaf, mstead of to the two 
symmetrically disposed bodies a and l Any difference of 
potentials between a and b will be indicated bv thi, attrir 
tion of the gold leaf to one side. The higher the potenti \\ 
of the gold leaf the more sensiti\ e the instrument Tne 
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5 2. Themostperfectformofiieterostatic electrometer yet 
constructed is Sir William Thomson's quadrant electrometer. 
In this instrument the Bohnenberger's gold leaf is replaced 
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by a very thin flat aluminium needle, u, shown in plan, Fig. 
ior,and(to a smaller scale) in elevation, Fig. 102. This flat 
needle spreads out into two wings, shown dotted in the plan, 
and IS hung b) a wire s from an insulated stem g inside a 
Ley den lar This Leyden jar contains a cupful of strong 
sulphunc acid, the outer surface of which forms the inner 
coating of the Leyden jar. A wire z, stretched by a wt-ight, 
connects u with this inner coating. 

A mirror, hidden in Fig. 102 by the meta! cover /, 
is rigidly attached to the needle u by a. rod. The miiTor 
Serves, as in the reflecting galvanometer, to indicate the de- 
flection of the needle u by reflecting the image of a flame 
on to a scale. The needle ti hangs inside four quadrants, 
a l< c d, msulated by glass stems, ; i, : the quadrant a is in 
electrical cormection with d, and c is in connection with b, 
as shomi in plan. Above aud below the quadrants two 
tubes, V and «', at the same potential as u, serve to screen u 
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wiiich only one is sliown in the drawing, scito to cliarge a 
and c : they can be lifted up out of contact with a and c after 
charging tliem. A third terminal, I, serves to charge the 
Leyden jar. It is usually disconnected from the inner coat- 
ing by being turned back, so that the tongue m is discon- 
nected from the metal rod behind s. 

With good glass, carefully washed in distilled water and 
dried before the fire, before being filled with sulphuric acid, 
the Leyden jar can be made to insulate so well as not to lose a 
quarter per cent, of its charge per diem. Sir William Thom- 
son adds a little inductive electrical machine inside the jar 
{§ 1, Chapter XIX.), by which the chaise can be increased 
or diminished at will, and also a gauge by which the 
constancy of the charge can be measured. An instrument 
of this class may be made so sensitive as to give a deflection 
of 100 divisions for the difference of potential between zinc 
and copper. 

§ 3. The essential parts of Sir William 'V'\\.am%o-ti% portable 
electrometer are shown in Fi^ 103 ^ is a fiat insulated 
disc to which the chaise to he measured may be communi- 
cated. A is a second insulated disc, having an opening at 
the centre filled by a very light aluminium plate/, supported 
by a stretched wire it, and carrjin^ an mdex arm below 
the plate h. This plate and wue ire shown in Fig. 57, 
p. 100. If now g and h are at the same potential, there 
will be no chaise on the opposed faces, and/will neither be 
attracted nor repelled by^. If a cliai^e of electricity be com- 
municated to^ or h, so that the potentials differ,/ will be 
attracted or repelled by g, and the consequent motion can be 
read by observing at / the position of a little hair, fixed to the 
index arm. Unless, however, the charges on g and // are 
very great, the forces will be very small, and this arrange- 
ment would offer little advantage : its sensibility is enor- 
mously increased by the following device :— A considerable 
permanent charge is given to h, which is maintained in 
permanent connection with a highly charged perfectly 
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insulated Leyden jar; then if ^ be in connection with tlic 
earth, a charge will be induced on ,c, and / will be attracted 
by that charge with a very sensible force. Let the torsion of 
the wire ("/ be adjusted so as to depress /or elevate the hair 
near /, then there will for a given potential of /^beone distance 




betwcen^'and ^, at which the electrical attraction will just 
balance the torsion of the wire. The distance of the plate 
S from the pkte h can in the instrument be adjusted by a 
fine screw, and this position is read off by a divided scale and 
vernier. Let ^ next be disconnected from the earth and con- 
nected with the body the potential a of which is to be tested, 
ie. compared with that of the earth — a neiv cliarge will be 
induced on ^proportional to the difference between die poten- 
tial of /( and a; if a be positive, assuming thepotentjal of A to 
be positive also, the chaise will be less than that due to the 
earth, and plate ^ must be lowered. If, on the contrary, a be 
negative, the charge wUl be greater than that due to the earth, 
and to bring the hair at / back to its fiducial mark g will have 
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to be raised — the difference 'til potential between a and the 
earth will be proportional to the distance through which g 

is moved ; for, from § 7, Chapter V., we have/ = — ^j ; 

wliere v is the difference of potential between two plates at 
a distance a. When /is at the fiducial mark, / determined 
by the torsion of the wire is constant, and the quotient 
-J- = - must also be constant, so that the difference of po- 
tential V must vary in direct proportion to tlie distance a 
between the plates, in order to balance this constant force. 

Each looth of an inch corresponds therefore with a given 
potential of the plate h to a perfectly definite and constant 
difference of potential, so that if with one body a the disc g 
requires to be raised 001 above the position when tlie 
earth reading was taken, and with, a second body e the same 
plate requires to be raised o'l above the same position, we 
know that the potential of b is ten times that of a, both 
potentials being above or below that of the eartK By 
making the potential of /; in all cases large, the distance a 
may also be large for a constant Jbrce /, and a great range 
of measurement is thus combined with great sensibility. 

The plate h h forms part of the inner armature of a 
Leyden jar, the glass of which is lettered m m ; the micro- 
meter screw b serves to raise and lower the insulated plate g 
by means of a slide which need not be specially described 
here. The position of^ is read off by a vertical scale not shown, 
still further subdivided by the divided ring at q ; the plate^ is 
connected witli a terminal j, shown in Fig. 10311, projecting 
outside the Leyden jar through an opening in the case. This 
rod / serves to charge the plate g, and is usually covered 
with a cap, /, of special form, intended to prevent the influx 
or efflux of air. When the instrument is not in use, the 
cap / is pushed down, closing the Leyden jar entirely. 
When the instrument is in use, the cap t is raised, and 
being then wholly insulated it serves as the terminal by 
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which to ciiarge g. A lead case for pumice stone and 
sulphuric acid is placed inside t!ie Leyden jar to dry the 
air. The Leyden jar can be charged by an insulated 
rod, introduced temporarily througii a little opening pro- 
vided for the purpose in the top of the case. When the jar 
is once chained this hole is closed by a screw. When pro- 
per glass is chosen for the jar, well washed with distilled 
water, and dried by evaporation before the fire before being 
finally closed, the Lej'den jar will not lose \ per cent, of its 
contents per diem. Care must be taken to remove the pu- 
mice stone once a month and bake it, otherwise the sul- 
phuric acid diluted irith water attracted from the atmosphere 
^vill overflow and spoil the instrument The difference of 
potential produced by the contact of zinc and copper may 
be detected on this instrument, and tlie electromotive force 
of 20 or 30 Daniell's cells can be measured with considerable 
accuracy. The value of each division of the instrument 
alters as the charge in the Leyden jar varies. The instru- 
ment is not an absolute electrometer, but is used to compare 
potentials as galvanometers are used to compare currents. 
It is specially adapted for experiments ot the potential of 
the atmosphere. If a burning match be attached to the 
terminal s, the plate g is rapidly brought to the potential of 
the air at the point where the match bums. The instrument 
is held in one hand, the position of the hair at / relatively to 
the fiducial mark observed through the magnifying glass, and 
the plate ^adjusted by moving the screw head w. In the 
manufacture of the instrument so much torsion should be 
given to the wire as will just leave the plate / in stable 
equilibrium when / is at the fiducial mark. When very little 
initial torsion is given, the directing force of the wire varies 
very rapidly with the increased angle tiirough which it is 
turned by the attraction or repulsion of plate f, and the 
equilibrium is then very stable. As more initial torsion is 
given, the change of directing force due to a deflection from 
the fiducial point is less, and the equilibrium may easily be 
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made quite unstable. The torsion used should be a little 
less than that giving instability for the lowest position in 
which g will be used. 

§ 4. The absolute electrometer is an instrument much 
like the portable, but on a larger scale, and so arranged that 
the actual force on the moveable disc can be measureri. 
Then, calling V and Vj the two differences of potentials which 
give tlie same force f with the two distances d and d, be- 
tween the parallel plates, and calling a tlie area of the move- 
able plate, we bave 

v,-v=(B, -B)yip, 

by whicli equation the difference of potential v — V| is 
given in absolute electrostatic units : from measurements of 
this kind we can determine theconslant multipliers required 
to convert the indications of s quadrant or portable elec- 
trometer into absolute measure. 



CHAPTER XV. 

GALVANIC BATIERIES. 



§ 1. The simplest form of galvanic cell practically in use 
consists of a plate of zinc and a plate of copper, immersed 
in water slightly acidulated by the addition of a little 
sulphuric acid. The zincs and coppers are generally 
soldered together in pairs, and placed in a long stoneware 
or glass trough, divided into separate cells by partitions as 
shown in Fig. 104. This battery is made more portable by 
filling the cells witli sand, which supports the plates and 
prevents the liquid from splashing about when the trough is 
moved. In this form it is called the common sand battery. 
The copper is advantageously replaced by platinum or 
platinized silver; thi? battery without sand is then known 
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tee's battery. The roiigli surface of the depositeil 
iin seems to have the effect of dirainishuig polarisa- 
Fig. 105 shows a common form of one cell of 




j better) the phte of pintinized silver h-inss from a 
let^eeu two tIiIls ot zint amiLamited with 




mercury ; the brass lenninals serve to hold the tliree plates 
together. 

In Walker's battery the copper is replaced by graphite. 

5 2. The following are the chief merits of a galvanic cell : 

1. It should produce a high electromotive force. 

2. It should have small and constant internal resistance. 

3. Its electromotive force should be constant whether it 
be employed in producing a large or small current. 

4. The materials it consumes sliould he cheap. 

5. No materials should be consumed except when the 
battery is employed to produce a current. 
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6. The form should be such that the condition of the 
celid can easily be seen, and fresh materials added when 
required. 

No one battery combines all these advantages in tfie 
highest degree, and the special requirements of each case 
should guide us in the choice of the design to be preferred for 
any given purpose. 

§ 3. No singie-fluid cell can give a constant electro- 
motive force because of the polarization of the plates, § g. 
Chapter IV. The electromotive force due to the metals 
in the batteries above described diminishes with extra- 
ordinary rapidity as soon as the poles are joined, especially 
when the current flowing is considerable. This diminution 
is due to an opposed e. m. f. consequent cliiefly on the 
presence of free hydrogen on the copper or platinum 
plate. The effect of gases in setting up an electromotive 
force is easily shown by the voltameter, Fig. 41, p. 67. Let the 
wires a and b be joined by a wire, part of which is the 
coii of a galvanometer. A current will be perceived 
opposed in direction to that which decomposed the water; 
it will come from die hydrogen, through the water to the 
oxygen. This current is accompanied by the recombina- 
tion of o.xygen and hydrogen forming water. The direction 
of the current from this gas cell is such as would be pro- 
duced if hydrogen were a negative metal electrode, and 
o.tygen a positive electrode, as shown in Fig. \o^a. 
Provided the oxygen and hydrogen have no chemical 
affinity for the metal employed to join them, this metal will 
have no effect on the e. m. k. of the gas cell ; the hydrogen 
plays the part of the zinc plate, being oxidised by the 
water, and the hydrogen set free appears at the positive 
electrode (oxygen) and combines with it. The fact that 
hydrogen and oxygen joined by a metal conductor will 
recombine, whereas when simply in presence of one 
another they will not recombine, is probably due to the 
electromotive force set up at the junction between the 
metals and the gases Thus the junction between the 
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platinum and hydrogen makes the hydrogen ])ositive ; the 
oxygen is either less positive or negative : thus the difference 
of potentials produced by the contacts tends to produce a 
current from the hydrogen electrode to the oxygen elec- 
trode through the water, and this would decompose the 
water, sending hydrogen to the oxygen electrode, and 
oxygen to the hydrogen electrode. The result is, that the 
decomposition of the water is balanced by the tecomposi- 
tion at the electrodes, and the gas gradually absorbed. 
The whole of, the gas cannot be thus absorbed consistently 
with the theory of dissipation of energy. The above 
illustration of the action of the gases certainly is not a 
complele or accurate hypothesis. If it were, the electro- 
motive force of the gas cell or polarized platinum plates 
would be constant, whereas it is much increased if the 
decomposition of the water has been effected by a high 
E. M. F., and gradually diminishes as the recombination of 
the gases occurs, as we should expect from the theory of 
dissipation of energy. 

The electromotive force called up by the deposition cf 
gases on electrodes is within limits nearly proportional to 
the E. M. F. employed in producing the deposition. Tills 
is most clearly seen when the electrodes are so formed that 
the gases cannot easily escape — when, for instance, the 
electrodes are small surfaces of metal, surrounded by an 
insulator, such as are produced by boring a hole so as to lay 
bare a small portion of the copper of a guttapercha-covered 
wire. We may, perhaps, conceive the high e. m. r. produced 
in reaction against a great decomposing e. m. F. as due to the 
decompositions of a row of molecules forming a number of 
gas cells in series imperfectly insulated from one another. 

§ 4. Thesand battery isthe worst of allbatteriesas regards 
constancy of electromotive force, the polarization being 
greater in this battery than in any other because the gas 
cannot readily escape. The common copper and zinc cell 
is the next in order of demerit. Its electromotive force can 
at any time while it Ls producing a current be greatly in- 



bv Google 



Chap. XV.] Galvanic Batteries. 215 

creased by mechaiiicallj' brushing the gases off the metals, 
or even by shaking the battery. The Smee batteiy is better 
than the copper zinc battery because it is found that hydrogen 
does not stick to the fineiy divided platinum on the surface 
of the plates so much as to the copper. The carbon or 
graphite plate in Walker's battery performs the same func- 
tion of facilitating the liberation of the free hydrogen. 

WTien any of these single fluid batteries are left with the 
electrodes free or insulated so that no current passes, the 
full electromotive force is gradually restored, partly b)- the 
liberation of the hydrogen, paitly by its recombination 
with oxygen. The process of restoration may be assisted 
by passing a current through the cells against their e. m. f. 

For some purposes a constant current is not required ; 
— for instance, where batteries are employed to ring bells in 
houses or on railway lines they have long intervals of 
repose ; for such purposes single fluid batteries are still 
employed en account of their simplicity. 

§ 5. If the voltaic theory of the cell were absolutely 
correct, the electromotive force of the cell would depend 
wholly on the electrodes or plates in the electrolyte, and 
not at all on the solution or electroljte emplojed to connect 
them W e might then form a list or potenhil series (§ zz 
Lhipter II ) m which the difference of potential between 
each succes'-ne raatenal being kno«n the e m f pro 
duced by a cell mide with any two materials would simply 
be equal to the difference of potential obtained b} summing 
up the differences d e to all the intermediate materials 
The'ie differences of potential have not been determined 
by experiment thouf,h potential si.nes ha\e bc^n dtttr 
m ned sO fir as to ^ive the order m which the maternls 
come but it his been found that this order is slightly 
changed by the solution emplojel to jom the plates or 
electrodes in order to account for this fact it is necessary 
to treat the \clt-iic thcor\ i^ mcomj lete The follow ng 
are potential series for so ne of the more important solu 
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Tlie positions occupied by tlie several materials with 
(he first five solutions do not differ so much as to 
invalidate the theory of potential series. We know from 
thermo-electric experiments that not only tlie chemical 
condition but the molecular condition of the metals (what 
may be called their tempering) affects their position in the 
potential series : remembering this fact, and also the efiect 
of polarization, no surjidse need be felt at the change in 
relative position of cadmium and tin, or bismuth and 
antimony. We perceive also a general law that the 
materials having the greatest affinity for one constituent of 
the solution are most e'ertro positi\'e ind tlii'! agrees with 
mca ry 



b n nnffidpdg Oh 

S m 

0'47 of a volt 

The solution employed has little effect on the electro 
motive force, but has a great effect on the resistance. 
Pure water has a much higher resistance than any of 
the solutions employed in batteries ; hence a cell with pure 
water or nearly pure water will give only a very feeble 
current through an external circuit of small resistance ; 
when salt or sulphuric or nitric acid are added, the current 
is increased at once. This is due merely to the change in 
the total resistance of tlie circuit, not to any increase of 
electromotive force. A solution of sulphuric ^cid and 
water conDiniiig thirty per cent, of sulphuric acid has a 
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smaller resistance than a solution with either less or more 
sulphuric acid ; but, when used to charge a battery, it gives 
rise to useless oxidation of the zinc — useless because it 
produces no current outside the cell. Much weaker 
solutions, of about one part in twelve, are therefore com- 
monly employed ; solutions of common salt and of sulphate 
of zinc are also employed to charge the battery ; the first 
because of its small resistance and the second because the 
action of the cells causes no change in the constituents of 
the solution. 

§ 7. Some useless oxidation of the zinc or other electrode 
which is consumed in the cell almost always occurs, and 
is due to what is called local action. This local action 
arises from inequalities in the condition of the zinc exposed 
to the liquid. These inequalities cause certain points of the 
zinc to be electro -negative to certain other points. These 
points being in metallic connexion through the mass of the 
zinc constitute with the fluid a galvanic cell of small E. M. F., 
but also of very small resistance, and a current is produced in 
a local circuit as indicated by arrows in Fig. io6 : that portion 



of the -I 






)st electro-positive is eaten away, 
and the current produced is con- 
Imed tj tlie cell and c-umot be 
utilized This lo al action is 
lerj much increased by dimi 
nishmg the resistance of the 
fluid It IS much dimmished by 
^miljjimitmg the surtace ot the 
zinc I his is done by cleaning 
the surface of the zmc plates 
with dilute sulfhuric or hydro 
chlonc icid and then rubbing a 
little mercurj o\er the surfaue 
with a brush. The surface being then composed of a uni- 
form material not susceptible of those differences of temper 
described by the words ' hard ' and ' annealed ' is not attacked 
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by the solution until the ejiternal circuit is do^ed : no zinc 
is consumed except in producing useful currents. Several 
forms of battery are in use in which the zinc plate is kept 
permanently in contact with a small supply of mercury. 

^ 8. Single fluid batteries are subject to another incon. 
venience besides that of polarization ; the solution usually 
employed cannot by any convenient means be kept in 
uniform condition. For instance, the sulphuric acid used 
in most fonns of the eel! is gradually us<;d as well as the 
zinc, so that the resistance of the battery is perpetually 
increasing, and the cell requires from lime to time to be 
refreshed, as it is termed, by the addition of sulphuric acid. 
Single fluid batteries are subject, therefore, to three defects : 
their electromotive force is enfeebled by polarization ; it is 
not constant ; and their resistance is not constant. 

§ 9, All these defects are remedied in the two fluid bat- 
teries, of which the Danidl's cell was the first invented, and 
is a good typical example. In the most constant form of 
this ceO, the zinc is plunged in a semi saturated solution 
of sulphate of zinc, the copper m a satut-ited solution of 
sulphate of copper, and these two solution*; are separated 




( ither by a porous earthenware harrier or bj taking advan 
lage of the different specific gimities of the two solutions 
Fig. 107 shows three Daniell's arr-inged with porous cell 
as used in telegraphy. The ghss troutl* a a his glass 
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may be four inches long, and two inches v.Ide, and the 
copper plates about four square inclies. 'I'he zinc sliould 
hang on the upper part of the cell, and not reach to the 
bottom. 

5 10. The chemical action in the Daniell's cell when in 
perfect working order has already been described, chap. xi. 
59; the result of the series of actions there described is 
that the sulphuric acid and o.xygcn of the sulphate of zma 
are transmitted to the zinc, combine with it, and form fresh 
sulphate of zinc ; the sulphuric acid and oxygen of the sul- 
phate of copper are transmitted to the, zinc, set free by the 
above process, and reconvert it into sulphate of ?,inc ; the 
copper of the sulph-ite of copper is trai smitted to the copper 
electrode and remains adherng to it. The whole result 
IS therefore the substitution of a certain quintity of sul- 
f ate of zinc for an equualent quantity of sulphate of 
coppei together with a deposition uf copper on the copper 
Dr negati\ e ele trode Sulphunc acid and oxygen have a 
stronger affinity for zinc than for copper otherwise tiiere 
would be no source of power m the substitution. 

~" I m'iterial respects from that given 

N f h d tth 
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saturated solution of zinc, because a crust of sulphate of zinc 
crystals forms at the edge of the saturated solution and this 
impairs the action of the battery if it touches the zinc, and 
injures the insulation of the battery by forming a conducting 
film all round the edges of the ceO, and on the copper junc- 
tion straps. 

5 11. The Daniell's cell will give a constant electromotive 
force, and retain a nearly constant resistance, for weeks to- 
gether, To ensure this result, the following precautions must 
be taken : 

Tlie solutions must be inspected daily and kept in the proper 
condition by the addition of crystals of sulphate of copper and 
the removal of sulphate of zinc solution, water being added 
to replace the liquid withdrawn. No sulphate of zinc or.dirt 
must be allowed to collect at the lips of the cells. The zinc 
plate must not touch the porous cell, or copper will be 
deposited upon it, which will set up local action. The 
sulphate of copper must be free from iron. To detect 
iron, add liquid ammonia to the solution ; both copper and 
iron will be at first precipitated, making the solution appear 
cloudy; but as more ammonia is added the copper will be 
redissolved, forming a bright blue solution, and leaving the 
iron as a brown powder. No acid should be used to set 
the battery in action ; it should be charged with sulphate of 
zinc from the first (unless a very low resistance, not con- 
stancy, be tlie object in view). The plates should be clean. 
Copper plates, if dirty, may be cleaned by being made red 
hot, and dipped in weak ammonia. The card used in 
cotton factories is a good brush for batteries. Porous cells 
must be examined to see that they are not cracked ; if set 
aside for a time after being used, they must be kept moist, 
or the crystallization of the sulphate of zinc they contain 
will crack them. The solution of sulphate of copper must be 
watched to see that it does not rise in the porous cells so 
high as to overflow the edges. This action by which 
liquid is drawn from one side of the porous diaphragm to 
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the other is called osmose. The resistance of ihe cell 
described above with very porous Wedgwood pots may 
perhaps not exceed 4 ohms; 6 or 10 ohms is a much 
more common resistance. 

§ 12. Tlie various constructions of Daniell's cell are very 
numerous. When the cells are large, a separate glass or 
earthenware jar is generally used for each celL The porous 
cells are cylindrical, and the zincs and coppers are likewise 
parts of cylinders. Sometimes the zincs and sometimes 
the coppers are placed inside the porous cell ; but the 
zinc should always be in the largest receptacle. Sometimes 




the copper electrode is made the jar to hold the sulphate 
of copper, the zinc being then inside the porous celt. This 
form of cell cannot be recommended, as the copper is fre- 
quently eaten away at the comers and allows the liquids to 
run out. 

A more distinct form of the Daniell's cell is that in which 
the porous cell is replaced by jitmrfuj-/,- the-copper lies at 
tlie bottom of the cell covered by crystals of sulphate of 
copper ; on this sawdust is placed, moistened with the 
copper solution at the lower part of th*e cell and with the 
zinc solution near the top of the cell. On the top of all lies 
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the zinc plate. This form of battery was first used by Sir 
William Thomson, who made the lower coppers in the form of 
trays, which rested directly on the zinc of the cell beneath. 
This form would be very convenient for plates of large size, 
if the copper were not occasionally eaten through. This 
defect he has remedied by making the trays of wood covered 
witli !ea4 electrotyped with copper at the bottom. Fig. 109 
shows three of these square trays, in which the zincs are 
forty-one centimetres long and broad. The trays are seven 
centim&tres deep inside. The resistance of one of these 
cells is about o'z ohm. 

The zinc is made in the form of a grating to allow 
bubbles of gas to escape, and is supported on blocks of 
wood w at the comers. 

§ 13. Fig. no shows a slight modification of the sawdust 
battery, commonly known z.%Menotii'sekmmt* In an earthen- 



ware or glasi cell a flat circular plate of copper c is laid, 
with a piece of guttapercha co\tri,d \\ire soldered to it; this 
wire comes out of the cell and forms the positive pole. The 
copper IS covered mth crystals of sulphate of copper and 
sawdust as above described, aiid the zinc lies on the top. 
A little oil is sometimes added to prevent evaporation. 

* Tliis element differs in no re,s])ect from one introduced for teslinj 
tlie Atlantic cable, by Sir Wil]i:im Thomson, in 1S5S, 
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The cells are usually about 10 centimetres diameter inside 
and 12 centimetres high. The metal plates are then made 
about 8^ centimetres diametei This form of .battery is 
portable, and has a constant e. m. f. Its resistance is high, 
being usually about 20 ohms when in fair condition. It 
is chiefly used for purposes connected witji testing. The 
sawdust cells are well adapted for use at sea, where the 
wash of the solution tends to disturb the electromotive 
force and to produce variable polarization ; for even in a 
Daniell's cell there is practically always some polarization. 

Graz'itation batteries are like the Minotti's with the 

sawdust removed. They must be kept perfectly still, and 

f ddffi It 

§ 14 Th f II g 1 bl fl d b tt re in practical 

— )/ D y I t \ \ sofa carbon 

1 tr d p f p t Iph f cury (h»,scij,) 

d t ta d p p t d zinc electrode 

d 1 Ipl d Iph t f zinc. The 

h cl t I t th t f th Daniell's cell; 

Ipl f f d d ry d posited at the 

cab I d 

Th Iph t f y \l by capillary action 

h ] t f th b d pp t then attacks 

tl p^ d d y th t ty f h circuit. This 

p d by til! th p f 1 h oal at the top 

h m 1 d p ffi h Ip! I y is expensive, 

b yll T '^^ is1 ditis easily 

-c t d t p to- Iph Tl rial is poison- 

ous. The E. M. F. of this element is about i'5 volts, but 
its resistance is greater than that of a Daniell's cell. 

2. Grore's cell. — Tliis well-known and very useful element 
consists of a platinum electrode plunged in nitric acid, 
more or less diluted, and a zinc electrode plunged in sul- 
phuric acid diluted with about twelve parts of water : the 
two solutions are separated by a porous cell. The zinc is 
converted into sulphate of zinc, the oxygen required being 
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obtained from the water ; the hydrogen is prevented from 
remaining free at the platinum pole by forming, with the 
nitric acid, ivater and hyponitrous acid gas. This gas is in 
part dissolved, and in part appears as nitrous fumes. These 
fumes are not only disagreeable, but pt.isonous. Tlie 
electromotive force of tliis battery varies from nearly two 
volts, when the nitric acid is concentrated and the sulphuric 
acid solution has the specific gravity i-i 36 (so parts sulphuric 
a.cid in 100 by weight), to 1-63 volt, when the nitric acid 
solution has the specific gla^^t^ i 19 (263 jjirts N.iO, m 
100 solution), and the sulphuric aud the sp gr i 06 (9 parts 
in 100 by weight) 

With the zinc in sulphite ot z iiu and the nitnc \i\\ 
solution sp. gr. i 33, the e m r i-, i 67 

With the zinc m solution of common salt, in J nitric icid 
sp- gr. 1-33 {45 P=i-i'ts m 100) the f m f is i 9 volt 

TheE. M. F. of this cell is \er\ high, but its great merit 
is its low resistance which ma) witii moderite sized cells be 
reduced to ^ of an ohm The resistance ot a cell con 
structed as follows was 212 ohm area of zinc plate 27 3 
sq. in. : area of platinum plate 1^8 sq in , sp gr of sul 
phuric acid i-o6, mtnc acid 26 3 parts bv weight m !□□ 
of solution. The double em f is easily got bv doubling 
the number of Darnells elements, but the size of thest 
elements must be immensely mcrea'ied to reduce the resist 
ance to that of a small Gro\ e s cell 

3. Bunsm's tdl — This element is exactly similar to 
Grove's, except that the platinum is replaced by porous 
carbon. In both Bunsen s and Grove s ceils the 7inc must 
always be amalgamated, or the local action causes mtokr 
able fumes and waste of zim The electromotive forte of 
Bunsen's cell is ratlitr greater tlnn that of Gro^e , but the 
resistance is also greater and there is occasionally ditSculty 
in securing 3 good coaact bet * ttn fhe carbon electrode and 
the metallic strap or wire used to connect it with the next 
zinc or with the terminal of tlie battery. The carbons are 
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specially prepared for all carbon batteries, and vary much in 
quality. The upper part of the carbon should be imjiregnated 
witii steaiine to prevent the jimction from being corroded. 

Fmtre puts the nitric acid Inside the carbon pole, which is 
made in the form of 3 bottle closed by a carbon stopper. 
The carbon performs the double part of porous pot and 
electrode. The nitrous fumes rise inside the bottle, and by 
their pressure assist in forcing the nitric acid through the 
porous carbon. 

The resistance of an ordinary Bunsen's element 12 cenci- 
m&tres high with the carbon outside the zinc is given by 
Blavier as equal to from z to 3 ohms ivhen partially charged, 
but to double this amount after a few hours. 

4. The Cliromate of potassium element is thus de- 
scribed by Mr. Latimer Clark : ' Prepare two solutions, 
'tlie first to be made by dissolving 2 ounces of bichromate of 
'potash in 20 ounces of hot water, and when cold add 10 
■•ounces of sulphuric acid. As this addition will cause the 
' solution to become warm, it must be allowed to cool before 
'being used. The second is a saturated solution of common 
'salt. To charge the battery with these solutions the 
' bichromate solution must 1 e po red i to tl e porous jar 
' containing the carbon t nt 1 t reic! es about 1 alf ai inch 
' from the top ; then pour the salt sol tion mto the outer 
' vessel containing the zmc unt 1 it reaches tl e sa ne level.' 

The electromotive force is "ji d to be \o ts 

The chlorine of the common salt un tes utl the zinc, 
forming chloride of z ne th le at the cirboi electrode the 
sodium replaces hydrogen m sulphuric ac d form n" sul- 
phate of sodium. "The nascent hydrogen reduces chromic 
acid (produced by the actoi of s Ifhunc acid n ihe 
bichromate of potash) so fh-it sulphite ot chron um is 
produced, Tn chemicil notatioi 

3Zn; 6NaCl; eHjSO^; aCrO;, 
gives S'^iiClj; eHjO; sNa^SO,; CrjfSO.)^. 



bv Google 



Electricity ami Magnetism. [Chai'. XV. 

The Leclanchi battery ; a zinc carbon element. The 
is plunged in a solution of ordinary commercial sal 
md the carbon is tightly packed in a porous pot, 
witli a mixture of peroxide of manganese and carbon, in the 
form of a coarse powder. Its e.m.f. is about f48 volt. 
The zinc unites with chlorine, forming cUoride of zinc ; 
ammonia is set free at the negative electrode, while the 
nascent hydrogen from the ammonium reduces the peroxide 
of tnanganese to sesquioxide. The chemical notation of 
the change is that Zn; 2NH4CI; zMnOj is changed into 
ZnCIs; HjO; 2NH3; Mn^Oj. 

6. Mr. Latimer Clark's cell of constant electromotive force ; 
this clement has already been described. Chap. X. § 2, 

5 15. With all batteries it is of the utmost importance that 
during any delicate experiments the whole battery should be 
perfectly insulated, and each cell perfectly insulated from 
its neighbour. For telegraphic purposes this is less essential, 
but it is always desirable. When a battery gives no current 
or a much feebler current than was expected, the following are 
defects which should be looked for: i, solutions exhausted; 
for instance, sulphate of copper in the Daniell's cell entirely 
or near y gone leavmg a colourless solution 2 termmals 
o on c o between the cells corroded so that msteai 
of eta contact we have oxides of almost msulat ng 
e tan e n ervenmg m the circuit 3 cells empty or 
nea en p 4 hlanents ot deposited metals stretching 
f on e e ode to electrode Interm ttent currents ire 
son e es p oduced by loose wires or i broken electrode 
w ch a en elj makes and breaks contact when shaken 
In on n rrents ire also produced when batter es are 
hak n une the> ire n t-rsi rate conditcn the moticn 
#hakes he g es off the ele tiodes mcreisiis; temicrinl> 
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CHAPTER XVI. 

MEASUREMENT OF RESISTANCE. 

§ 1. In order to measure a resistance we must compare it 
with a standard recognised as the unit of resistance. In 
telegraphy the measurement of resistatice plays a very 
important part, regulating the choice of materials and enaWing 
the electrician to test the quality of goods supplied. The 
okm (Chap. X, § 4) is the unit of resistance almost imiversally 
adopted in this country Multiples and submuitiples of the 
ohm are so arranged in bo\es of resistance coils that any 
given resistance from one ohm to 10,000 or 100,000 ohms 
can be readilv obtained lor comparison with any other resist- 
ance Ihe general arrangement of these boxes is shown in 
the diagram, Pig iii 




Betv/een two terminal binding screivs x and t, secured on 
a vulcanite slab, are fixed a series of brass junction pieces, 
c, b, c, d; each of these is connected by a resistance coil to 
its neighbour, as shown at i, 2, 3, and 4. A number of 
brass conical plugs with insulating handles of vulcanite are 
provided, which can be inserted betv. een any two si 



bv Google 



230 Electi-iciry and Magnctisii'. \C\\,\\: XVI. 

junction pieces, as betivi^en t and n, or 1/ and /'. Conical 
holes are bored for tliia jjurpose at tlie opening beween the 
junction pieces, Wlien the plugs are withdrawn, no electrical 
connection exists between the junctioD pieces except tlirongh 
the coils. 

Let us assume tliat the resistance of the first coil is one 
ohm thit of the second two ohms that of the thirJ 
ihree ohms and that of tlie fourtli four ojims Then if tin. 
plugs are airin^ed as in the figure the whole resistance 
betneen 1 and 1, will be 4 ohms, because the resistince ol 
the hrge metallic lunction piei cs dueftlj connected bj 
plu„s \i 111 1 1 111 ei il ti I 1 1 II I'l I'-ie pUi^s 




were withdrawn tliL resistance between t and d would be 
JO ohms and obviously by pioperly ■wranging tlie plugs we 
could obtam anv resistance from i to 10 between t and d 
Non suppose that d, instead of bein,, the final tLnmnal 
ot the set of resistance coils were connected b> a thick 
copper bar to / as m >ig ii' showing a plan of the 
lid of the bo\ contaming the coils, and thit a similar 
seres of tunction pieces were used to connect coils of 10 
20 jo in<l 40 ohms pieciselvas a b c md rf connected 
the coils 1 3 and 4 then between / and d<_ if ill the 
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plugs were out, we should have a resistance of 100 unks, 
but by inserting the proper plugs we could at will have 10, 
20, 30, 40, 50, 6d, 70, 80, or 90 units. Thus for 80 units, 
ivithdraiv the ist, 3rd, and 4lh plug, giving 10 + 30 + 40 or 
Saimits. Now between rf, and Twe can obviously by proper- 
plugging obtain any number of units betiveen i and no ; d-^ 
is connected by a thick bar with /,, the last of five junction 
l>iecesjoining coils of 100, 200, 300, and 400 units, by means 
of which, between d^ , and t, we can get with the twelve pKigs 
any number of units from 1 to 11 10; similarly with four 
niore junction pieces and four more coils we have between 
T, and T, the final terminals of the box, a series of sixteen 
coils and sixteen plugs, by the proper arrangement of whicl; 
we can bet^veen t and t, obtain any number of units of n,- 
sisCance from i to 11 no ; when all the plugs are in their 
places the resistance between t and Tj ought to be very sm.iU 
relatively to the resistance of one ohm ; and, if this is no' 
the case, the plugs and holes must be well cleaned, as any 
resistance observed when all the plugs are in, can only be 
due to imperfect metallic contact between the holes and plugs. 

§ 2. Many otlier arrangements of resistance coils may be 
adopted. Thus, instead of the i, 2, 3, 4 scries, we might have 
had ten equal coils in each row of junction pieces, but this 
would have required 40 plugs instead of 16. We miglit 
also have arranged ten coils in a circle, and joined them to 
II equidistant junction pieces, as in Fig. 113. Then tiie re- 
sistance betH'een the wires t and /, would be 2 if the arm a 
«-as on tlie second stop, or 5 if on the fifth stop. Tne 
end of the arm a may be so arranged that, before leaving 
one junction piece, it makes contact with the next, so that 
the circuit between / and t^ is never wliolly broken. 

In all boxes of resistance coils the following precau- 
tions should be observed during the manufacture. Large 
gauges of wire should be used for the smaller coils instead 
of short pieces of line wire. Better adjustment and less 
liability to derangement by a powerful current is thus ob- 
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tained. The metal used for the wire must be sucli that its 
resista:ice varies little with changes of temperature. German 
cilver is a. good material. The wires should be insulated witii 



\- 



ivo coatmgs of iftin or other 

uitable m uhti lould be per- 

^^^_ ^ mitted mside the coils — above all, no 

soldermgs in making which acid is used. 
The n re should be wound double, so 
that the current mikes as many turns from 
left to right as from nc-ht to left There is 
no self mduction (Chap III § 21) in a coil 
so wound, nor does the current affect gal- 
vanometers in the neighbourhood. The 
junction pieces must be firmly fixed, well 
insulated, and so formed that the vulcanite 
on which they stand can be easil)' cleaned. 
/ It is a good plan to make the bobbins 

hollow, and rather of large than small 

diameter, to promote uniformity of temperature. All the 

bobbins should be in one box. 
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§ 3. Let two points a and e, Fig. 114, be joined by tivo 
conductors having resistances r and r^, these conductors 
are said to be joined in miiltipk arc ; with a difference of 
potentials 1 between a and b. 

The current c through r will be eqnal to -, and similarly 
the current through r, will be— ; the whole current be- 
tween A and E will be 1 + -. or ^ ^^'^ + ''^ ; this current will 
be the same as if a and b had been joined by a single re- 
sistance equal to — -J—, which is therefore the resistance of 

r + r,' 
the two conductors joined in multiple arc With three wires 
r, r„ rji, connecting the same points by a multiple arc, the 
resistance between a and b will be ^^' ''" 



If a galvanometer with the resistance G be shunted by a 
shunt of the resistances, the resistance of the shunted galvano- 
meter will be — *' . / ■ . Let « = -- "I" '' , then the sensibility 

G + s s ' 

of the shunted galvanometer will be to that of the un- 
shunted galvanometer as 1 to 11 ; then calling c the current 
flowing in other parts of tiie circuit, ~ will flow through 

the galvanometer, and ^C will flow through the shimt ; the 

resistance of the shunted galvanometer will be ^. 

Example. — We have a galvanometer with a resistance of 
8,ooo ohms, and wish to find the shunt which will reduce its 
sensibility 100 fold, it = 100 = ^5? "*" ^ ,ots =_ '°°° = 



e of the galvanometer when shunted will be 
8.1:00 
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. Definition.— .'\\\Q coiidudivHy of a gi\en wire or con^ 
r is tlie reciprocal of its xi 



That is to say, if a be the resistance of the wire, — is its 

conductivity ; if the resistance of a conductor is lo ohms, 
its conductivity is o'l. 

The conductivity of a number of wires joining two points 
in multiple arc is the sumof the conductivities of the several 
wires. For the current in eacii wire with a unit dirter- 
ence of potential between the ends is -. 

The sura of all the currents is 



which is the same current as if ;i single conductor joined 

the two points withaconductivity of f—-f — + — ... + —) 

The resistance of the wires in multiple arc is the reciprocal of 
the conductivity of the multiple arc. This rule gives the 
.same expression for the resistance as is given in § 3. 

Example. — Let two points be joined by wires in multiple 
arc with resistances of 3, iS, 27, and 64 ohms respectively. 

The conductivities areo-5, 0*05555, ■o37'^4' 'oisfis. The 
sum of the conductivities is 0-6082 ; and the resistance of 
the four wires in multiple arc = — = i 644 ohms. 

§ 5. We may compare one resistance with another by 
comparing the deflections produced by a given battery 
through the same galvanometer, but with tl:e different 
1 circuit Thus, ht g be the galvanometer 
:he battery resistance, r a resistance chosen at 
lileasure from those at our disposal in the box of resistance 
coils, and j: the unknown resistance which we wish to measure 
or conii)are with R. L.et us first obserie the deflection d ob- 
tained with a cirLuii containing v., v.. and K only, arr.mged in 
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any order, and next ihe deflection i/,, obtained with c, b, and 
X only in circuit ; tiien, if the galvanometer be a mirroi 
galvanometer, the deflections of which are proportional to the 
currents flowing througli it, we have, by Ohm's law, the pro- 

for the E. M. F. being the same in both cases, the currents and 
therefore the deflections must be inversely proportional to 
the total resistatices. From the above we find 



^=^(0 + B + R) - (G+ B) . . . 1'. 

When G and b are so small that they can be neglected 
relatively to r, we have approximately a; z= _ r. This case 

seldom arises ; but frequently, as, for instance, when * is tiie 
resistance of some insulating substance, we may neglect 
G + li as insensible relatively to x, and then we have 

X = ^'' (G + 1! + r) ,= 

t/, ■ ■ ■ ■ 

The number d (q + b + r) is in telegraphy called iht ,vii- 
sfaut of the instniment with the given battery. I{d,i=l, wc 
shall have the whole resistance of the circuit x =rf(G + E 
+ e); hence the constant is often defiiied as the resistance 
of the circuit with which the given battery would give the 
deflection I. Obviously when a tangent galvanometer is 
used, we must write tan d and tan d^ in the above formula; 
instead of i/and (/, ; and if a sine galvanometer is used, 
we must write sin d and sin d,. 

§ 6. By the use of shunts the application of this method 
is greatly extended j calling the resistance of the shunt 
s, the resistance of the shunted galvanometer becomes 

— — ; hence if the shunt be used when both d and d, arc 
G + s ' 

observed, we must in equation 1 substitute -H^ for G, 
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the only effect being to dimmish the resistance of the galva- 
nometer ; but when d is observed with the shunt in, and d^ 
without the shunt, the sensibility is different in the two cases. 
Then let the ratio — i be called u as before ; we have by 
Ohm's law :— 



_ 4-li-l-R : G + B + .i: = rf| : :i 
- R) - (G + B) . . 



d G 
°' "■■ - " ,?,{« " 

The constant of the unsliunted gaK'an 
for which d, = l,isud{'i + b + r). 

Thus with a shunt reducing the sensibihty loo-fold, a 
deflection of go divisions, with g = 8000, u ^ zo, and 
R = 4000, the constant will be 36,900,000 ; this will be the 
whole resistance of the circuit including g and b with which 
the battery used would give the deflection 1 on the galvano- 
meter used without a shunt. In practice r is chosen so that 
_ 4- B + R may be some whole convenient number; thus 

in the above case an experienced observer would have made 
R ^ 3900 when the constant would have been 36,000,000. 
A series of shunts are usually sold with each galvanometer of 
such resistance that « may by them be made 10, or 100, or 
1000 at pleasure. The constant is determined at the 
beginning of the experiment when the galvanometer is not 
shunted, and the value of the resistance in circuit giving a 
deflection d^ is obtained by simply dividing w times the 
constant by d,. To get x, the resistance of g + b must 
be subtracted from the whole circuit, but when the sum of 
G + B is small, this subtraction is often omitted. 

This mode of measuring a resistance is much used in test- 
ing insulating materials, such as gutta-percha. The battery 
and wire covered with gutta-percha are arranged as in Fig. 
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The negative current flows from z through the shunted 
galvanometer to the copper wire inside the gutta-percha ; 
tJien through the gutta-percha to the p,^ „. 

iv-ater in the tub t, and from t to the ^, 

copper pole of the battery. The resistance 
X is the resistance of the gutta-percha. 

§ 7. The value of s in the above equa- 
tions is always known, and the value of r. 

or of - is also generally known, and can 

always be directly determined by experi- 
ment ; for instance, it may be measured .ts 
any other resistance would be measured, 
a second galvanometer being used for the 
purpose. The value of b should be de- 
termined at least once a day, since the 
resistance of any battery is found to vary 
considerably from day to day. There are 
several methods of determining the value 
of B. The following is the most corn- 
Make a circuit consisting of the battery b, the g 
meter g, and a set of resistance coils r; sliunt the galvano- 
meter with a piece of short tliick wire connecting the ter- 
minals ; put all the plugs of the resistance coils in their 
places so as to reduce r sensibly to zero ; let the wire shunt 
be so short and thick as to have no sensibJe resistance 
relatively to the battery but adjust it of such length that a 
sensible deflec n b h t 




greater pa 
through th 
D ; under th 
circuit is b 
and the 



d b 



d fl 



the 
deflection n 



of the s t I 

n the box to r by taking 
obtained j then 
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IfD, =- ive liave i! = r 

This method has the defect that the battery resistance is 
measured when a powerful current is passing, increasing the 
polarization. Moreover the current is very different when 
D and D, are taken, and the polarization very different. 
Consequently Ohm's law is seldom strictly applicable, be- 
cause the e. M. F, of the battery is not strictly constant 
throughout the experiment. With a battery of very small 
resistance, this method would be liable to injure the re- 
sistance coils. 

The following is a second method by which the sum 
B + G is determined. Observe two deflections d and n, 
given by the battery when the two circuits are b + r. i- r 
and B + G + R| ; then we have g + b + r : c + ii + R| 
= D, ; p, and 



G + B = -^ — '- .... 5" 

D - Di ^ 

Mr. Varley recommends that three deflections d, d,, and 
n,,, be taken with additional resistance r, t,,, and r,i for 
die purpose of testing whether polarization interferes much 
with the experiment; if there be no polarization, adjusting 
the values of R, R,, and Rj, so that Dh = 40 and Dj — 2 
u, we should have r = 3 Rj — z Rn. 

The following is a third method. Arrange the connec- 
tions as in Fig. 116; let d be the deflection when the cir- 
cuit is R -I- R + G ; next insert the shimt of known resistance 
s, by making contactat a ; reduce r to Rj until the defler- 
tion is the same as before, then 

^ "*"^ G -1- R, ■ 
or, fourthly, leaving r unaltered, let d, be the deflection 
observed when contact is made at a ; then 
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D. — D - 

G 
or approximately 



Tiiis method is especially applicable to batteries of 

§ 8. The accuracy with which a resistance can be 
siired by any of the above methods is limited by t!ie i 
racy with which a deflection can be observed. If we ca 
make certain that any deflection is correct within out 
cent,, still less can we feel confident that 
calculated from the deflection is correct within one per 





Hip 

The following methods, which may all be termed differential 
methods, admit of much greater accuracy. The simplest 
differential method has already been described {Chap. IV. 
§ 3), and the arrangement of the connections is shown in Fig. 
117. With a sensitive galvanometer it admits of extreme 
accuracy, for by increasing the battery power we may increase 
at pleasure the deflection which the diiFerence between the 
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currents in the two branches produces. We may also shunl 
either brancli of the galvanometer so as to reduce its resist- 
ance and sensibility u times. Calling the resistance of each 
branch of the instrument G, we then have, when the galvano- 
meter is imdeflected on completing the circuit, assuming thai 
the known resistance is connected with the shunted brnncb 
of tlie ealvanometer, 



X is connected with the shunted branch 



e have j 



Resistances one thousand times greater or one thousand 
times less than r, are easily measured in this way, Iti order 
that the plan should give accurate results, it is necessary that 
the ratio u be accurately known and that it remain 

Now u != —■- — ; and if the resistance of either g o 



during the experiment fallacious results are given. 

Wl^en the wire of a differential galvanometer is made of 
copper the shunts must be of copper also, in order that the 
ratio « may be constant at all tem^ieratures ; but even 
with this precaution, the very current employed in testing 
disturbs the value of u, for a much larger current flows 
through s than through o, and hence more heat is generated 
in the shunt than in the galvanometer coil, and this heat is 
concentrated in a comparatively small mass of metal ; the 
consequence is that the resistance of the shunt is increased 
relatively to that of the galvanometer by every current 
which passes, and this seriously impairs the value of the 
method. Diffeiential galvanometers made of German 
silver give much more accurate results than copper wire 
instruments, because their resistance and that of their shunts 
are less affected by temperature. The circuit should be com- 
pleted for the .shortest possible time by makina contact with 
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a key at a, and breaking it as soon as a deflection to right or 
left lias been observed. This may, however, lead to error if 
the unknown resistance a; is so formed thitanv self induction 
can take place, or if x has T.n\ e 13 lie electrostatic capacity 
like a gutta-percha-covered wire in water In either of these 
cases the currents in the two branches w 11 not increase at 
the same rate when contact is first made Assuming the coils 
in R to be properly wouni while t li a simple bobbin of 
wire not wound double the current in x will lag behind, 
and hence a momentary contact at a will al\ta}S si ow x as 
greater than r when it is reall) equal to it The first jerk 
of the galvanometer needle must m this case be neglected, 
:iiid X measured by means of the permanent deflection 
arrived at after the cunents m the vinous branches have 
become constant. 

§ 9. When a steady current c through a resistance r is 
due to a difference ot potentiils 1 between the ends of the 
conductor, then the d tfcrence of potentials i between any 
two intermediate points separated by a resistance r must be 
equal, by Ohm's law, to r c ; the smaller the resistance be- 
tween the two points the less the difference of potential 
between them, and if one end of the conductor be at zero 
|:)0tential or uninsulated, the potential of any point in the con- 
liactor will be proportional to the resistance r between the 
eartji and the point in question, and equal to r c. In the 
oi.igram Fig. 1 18, if the line a e represents to any scale the 



length of a uniform conductor separating the battery c z 
from the earth at e, and if the line or ordinate P a represent 
the E. M. F. of the battery to any scale : then, joining p e by 
a straight line, the ordinate f h will represent the potential 
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of the conductor at the point f. If, for instance, p a is 
equal to \z volts, and f is half-way between a and e, f h 
will be equal to 6, and 6 volts will be the potential of the 
conductor at that point 

If A were sepd.rated from s by several conductors of dif- 
ferent resistances, we must draw ae so as to represent the 
total resistance instead of the mere length of the conductor. 
Then as before, f h will represent the potential at the point 
F, separated from e by a resistance equal to f e ; if f is so 
placed that the resistance of f e is equal to that of a r, the 
potential at f will be half that at a, in whatever manner 
the resistances a f and f e are made up. 

The difference of potential between b and f is equal to 
the difference of the length of the lines B D and F H. 

Let us now suppose that the two ends of the resistance 
A D B are joined to the two poles of an insulated battery, 
and that at the middle of the resistance at D the conductor 
is connected with earth, Fig. 119. The potential Jiere will be 
?eroj butthedifferenceof potentials between A and B must be 



(jqual to nearly the whole e. m. i-. of the battery, assuming the 
resistance between a and b to be large relatively to that of the 
battery. Hence A Pj will he equal to half that e. m. f., and 
BP|i, a negative ordinate, will be equal to the same quantity. 
The sum of the lengths B Pn + A p, = a p, calling a p the 
E. M, F. of the whole battery as shown in Fig. irS. The 
ordinates F H and Fj H, show the potentials at points F 
and F|, one positive or measured upwards, the other nega- 
tive or measured downwards. The difference of potentials 
bet»'een f and Ffis the sum of h f and Hj Fj. This differ- 
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eiice win be exactly the same whatever point of a e be ]mt to 
earth, if the battery is insulated. If f, were put to earth 
instead of D, then/,/i| would be the line showing the 
potentials, and f h, the difference of potentials between f 
and F„ is equal to f h — f, Hi. 

§ 10. Let us assume that the same difference of potentials 
is maintained by a battery between the ends of two con- 
ductors of different resistance represented by the lines a e 
and Aj E|, Fig. laa, and for simplicity's sake we will further 
assume that the potential at e is zero. If we now choose any 
two points B and b, so placed that ab : tf e = Ai Bj ; e, e,, 
we shall have the line e d equal to e, D], showing that the 
potentials of E and Bj are equal. Hence, if we join e and 
Bi by a conductor, no current will flow from b to Ej ; and if 
a galvanometer cwere inserted in the wire joining b and e,, 
itwouldremMnundeflected, although the e. m. f. represented 
by A p and producing the currents through a e and a, Ej 
might be very great and the galvanometer very sensitive. 
If, however, the wire or bridge, as it is called, joins b with 
a point in A, e, between b, and E,,we shall have a current 
from a e which runs through the bridge ; and on the contrary, 
if the bridge joins b with a point between b, and a,, the 



current will flow in the opposite direction through the gal- 
vanometer, i.e. from A, Ej through the bridge. 

If then we know the ratio a b to b e, as we shall do if 
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these two resistances are made up of graduated resistance 
coils, we shall be able to divide a resistance a, e, in the 
same ratio by simply seeking the point b, at which no 
current flows across the bridge. 

And if A| B| is a known resistance, we can experimentally 
find a resistance Bj e, which sliall bear the same ratio to 
A, B, as BE does to ab. 

§ H. The principles laid down in the tivo preceding 
sections give the most convenient method of measuring 
resistance. The Bridge, as it is technically called, is ar- 
ranged as in Fig. iix. 

Four conductors, a b, be, a b,, and b, e, are joined at a 
and E to the poles of a battery, the current from which 
flows round a B e and a b, e, corresponding to a b e and 
Si Bi El in Fig. 120. The difference of potentials between a 
and E depends on the battery used, but is obviously the 
same for the ends of the two circuits. The resistance be- 
tween A and B we will call r; that between a and Ei, R| ; 
that between b and e, r ; and that between Bj and e, x the 
unknown resistance to be measured ; r, r,, and r are 
usually resistance coils. 

A convenient constant ratio is chosen for R and r, such 




o loo, or 1 to i,ooo ; and then K, is 
3 current flows through the galvanometer g ; 
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when this is'the case we liave r ; r = r. \ x oy x = £ r. : 

R 

so that if r = -^, x will be equal to 3.'.. 

The convenience of this method is very great. Any gal 
vanometer can be enriployed; but the more sensitive the 
instrument the more delicate the measurement of ^. The 
constancy of the resistance of the galvanometer is of no con- 
sequence. The coils R, r„ and r, are made of German silver 
or some other alloy varying little in resistance with a 
change of temperature. Two keys are inserted, one at a and 
one at b ; the current is wholly cut off the four conductors 
until contact is made at a ; and then, after the currents in the 
four conductors have come to their permanent condition, 
contact is made at b to test whether any current flows 
tl ough the galvanometer. If none flows, making contact 
a h loe lot disturb the currents in the four conductors 
at all R and r are usually so arranged as to give any 
de ma! tio between 1,000 to 1 and i to r,ooo ; the tivo 
kejs at and b are often arranged so that the same finger- 
p en oves both, making contact at i* a little after contact 
has been made at a. 

The three resistances «, R„ and r, and the resistance of 
the galvanometer, should be small if x is small, and great if 
X is great. When-jc is very small, AB Eis frequently made 
of a single wire of constant diameter; Rj is kept constant, 
and the point b slipped along the wire a be, until no 
current flows through g. Then the ratio of the resistances 
_ is the ratio of the actual lengths — measured on a 

R ° AE 

scale over which the wire a e e is stretched. An alloy 
of silver with 33'4 per cent, of platinum makes a good wire 
for this purpose. It must be a stout wire, or else the wear 
and tear of shifting the contact piece b will soon destroy the 
uniformity of its section and therefore of its resistance. 
When X is small, great care is necessary to prevent the 
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resistance of mere connections between E, r, Ri, and x from 
being sensible. Tliese connections may be made of stout 
copper rods \ centimetre diameter, and junctions made by 
dipping the ends of these rods in mercury cups, the ends 
of the rods being amalgamated. 

The bridge is applied to measure the resistance of the 
gutta-percha sheath used to insulate tlie conducting wire of 
submarine cables : for this purpose E is connected with 
earth, the battery carefully insulated, and the wire to be 
tested is connected with b,, but insulated at tlie other 
end instead of being connected with e ; the insulated wire 
is subraei^ed in an uninsulated tank or in the sea, and thus 
the only connection between Bj and e is through the insu- 
lating cover or sheath. The resistance of this insulating 
cover is therefore the resistance x. 

After the wires have been arranged thus we can, by 
joining the end of the conducting wire with e, measure the 
resistance of the copper conductor immediately before or 
after measuring the resistance of the insulator. 

When no current flows across tlie bridge, the position 
of the battery and of the galvanometer may be inter- 
changed, and no current will flow from a to e through the 
galvanometer. 

g la. ..^ff-^^io^'j/aioj-.— If a number of currents f, 1 3 Cg . , , c, are 
flowing some to a point A (Fig. 122] and some from that point ; then, 
since the whole quantity arriving at the point must be equal to that lakeo 
away, the sum of all the currents coming to the point must be equal 
to the sum of those going away from it : hence, calling the first series 
positive and the second series negative currents, (he algebraic sum of ali 
the currents must be equal to zero, a result » rltten as follon-s, 

the letter 2 rfgnifying that the sum of all the vahics of c are to be talien. 
Let there be several sources I, I, I3 of electromotive force in a circuit 
(Fig, 123), some acting in onedirection and some in another, and joined by 
resistances R, a,, R^ . Let the currents flowing through each be C, Cj C^ . 
Let the difference of potential orE.M.F. between the two ends of r. be 
1' — p.\ that between the two ends of R, , P^ — /,, ; and that between the 
two ends of R, , P, - /. , 
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Then by Ohm's law, c,r, = P, — /, , Ct Eh ^p,, — /,, , c. R< =P- — /, 

OrC.R, +C,R.+ C.E =.(P.-/, +P,-/, + P.-P,)= (P.,-/,) 

■*■ (P. -A 1 + {P, -/„ 1- 

Now p, — f^ is the difference of potentials produced by the eleclro- 
raotive force Ij ; for however high or low the absolute value of the pj- 




The sum of dl the electromotive forces is equal to the sum of llie 
products of eacb current into the resistance which it traverses. 

One obvious applicadon of this law of Kirchhoff's is to those cases 
in which the electromotive force in a circuit, instead of being due to a 
certain difference of potentials produced at one pomt of the circuit, as 
by a battery, is due to an E.M.F. distributed throughout the length of the 
whole or part of the conductor, as when the e.m.f. is due for instance 
to electromagnetic induction, where we only know for each part of the 
circuit that the e.m.f. is so much per centimetre of length. We now 
see that we need only add up all the electromotive forces in each unit 
of length, and then, knowing the whole e.m.f., we find that the current 
multiplied into the whole resistance of the circuit will be equal to the 
electromotive force thus calculated^in other words, Ohm's law is per- 
fectly applicable to this case. 

The results arrived at in sections i and 2 of this chapter are easily 
proved from Kirchhoff's equations. 
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§ 13. The theory of the bridge may be proved as follows 
from Kirchboff's laws i 

Let five conductors r, ''i, r^, rm, ri„ be arranged as in Fig. 
124 with a battery i connected with a and e by conductors, 
as shown in the figure. 

Let c, Ci, iii, fiii, C;„ c be the six cunents, in the six parts of 
the circuit, c being the current in r, Cf the current in r;, etc. 

Then at a and e we have c = c, + Cm = Cu + c^. 



LndE, 



In the c 









eliminating .-, iTn fn, and c„ we have from the above equa- 
tions : 

*" ~ (n + nil) {--i: + f;,) + r (rt + r-„ + r^ + n,|, ^' 
This gives the value of the current produced in the bridge 

r in terms of the whole current c produced by the battery. 

If there is no current in r, we must have 

§ 14. The specific resistance of a material referred to unit 
of volume is the resistance of the unit cube to a current 




between two opposed faces. The following table contains 
the specific resistances of several metals and alloys at 0° C. 
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The specific resistances given are those of a cubic centi- 
metre of chemically pure metals calculated from experiments 
by Dr. Matthiessen. The resistances of commercial metals 
are always higher, and frequently very much higher. It is 
not at all uncommon to meet with copper having 50 per 
cent more resistance than that in the table. This is due to 

Table. Spsrific Risistance ofMttais and Alloys at 0° Centigrade, from 
Dr. Matthkisen'i experimenti. 
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METALS. 
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.1 




MicrshHis. 


Ohm,. 


Ohms, 


Ohms. 


ms. 


Silver annealed . 


I 'SSI 


0-01937 


01544 


9'IS' 


■^~ 


„ hard drawn . 


1-652 


0-02103 


O-16S0 


9-936 


2415 


Copper annealed . 


I -616 


0-02OS7 


0-1440 


9718 


2064 


, , hard drawn . 


1-652 




02104 


0-1469 


9-940 




Gold annealed . . 


2 0St 






^:;S8o- 


12-52 


5849' 


„ harddi-awn. 


2'Il8 




02697 


"•4150 


12-74 


5950 ! 


Aluminium annealed 


2-945 





03751 


0-0757 


17-72 


I0S5 


Zinc pressed . . 


S-68g 




07244 


0-4067 


34-22 


5831 


Platinum annealed . 


9->5S 




1 166 


1-96 


55-09 2 


810 


Iron annealed . . 


9-825 




1251 


0-7654 


59-10 1 




Nickel annealed . 


12-60 




1604 


1-071 


75-78 1 


535 


Tin pressed . . . 
Lead pressed . . 


;ri? 




1 701 


0-9738 


80-36 , 


396 




2526 


2-257 


119-39 3 


236 


Antimony pressed . 


35-90 




457' 


2-411 


2l6- -: 

79S- 18 


456 


Bismuth pressed . 
Mercury Squid . . 


1327 




689 


13-03 


64 


99-74 




2247 


13-06 


57S-6 18 


72 


Platinum silver , . 


24-66 


0-3140 


2-959 


'48-35 4 


243 
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i 
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German silver hard i 
or annealed . / 












ai-i7 


0-2695 


■■85 


127-32 2 


652 


Gold-silver alloy | 












hard or annealed. ( 


io-99 


0-1399 


I -668 


66-10 2 


39' 


a parts gold, i f 












silver . . . ) 
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the presence of other metals in small quantities. Lead, tin, 
zinc, and Cadmium, whenalloyed with one another, conduct 
electricity as if th mp t p rts had remained separate 

and were arranged a b dl of conductors, each having 
a uniform section 1 gi A.!loys of bismuth, antimony, 

platinum, pallad m 1 lium, gold, copper, silver, 

mercury, and p b b! iier metals, have a much 

greater resistanc I h n resistance of their com- 

ponent parts. The es at e of a wire one mfetre long, 
and one millimetre in diameter, is given in the table ; this is, 
equal to the specific resistance multiplied into '■?"§? or 
12732. The resistances of the. wires are given in ohms, 
the specific resistances in microhms. 

A'lNto.— In the above taljle llie numbers underlined are direct obser. 
valions by Dr. Matthiessen, B. A. Report, 1864. 

The mimbers given in Col. II, (metre, millimfelre) aie obtained by 
calculatirig the value in Column III. for lead from the speeiEc gravity 
ll'376 (Table II., Electric Conducting Power of Alloys) and making 
the other numbers in the column inversely proportional to the conduct- 
ing powers given by Dr. Matthiessen, when hard drawn silver is 100, 
and gold silver alloy 15 '03. Column III. is next filled in by calculating 
the values for dnc, platinum, iron, nickel, tin, antimony, bismuth, 
mercury, from Column II. by their specific gravities ; the three 
alloys from specific gravities given by Dr. Matthiessen ; the silver, 
copper, and goM, by proportion, from the hard drawn metals. Except 
in the case of lead, the underlined values do not agree with Column II., 
and the true specific gravity. Column IV. is calculated from Cohunn 
II. by simply multiplying the numbers by 472 ■45; and Column V, 
from Column III. by multiplying the numbers by I '4337. Column I. 
is calculated from Column II. by dividing the numbers in Column II. 
by 13,732. 

§ 15, The specific condjictiviiy of a matenal is the re- 
ciprocal of Its specific resistance. Thus the specific conduc- 
tivity of hard silver in ohms is ooof oiBaa = 605300. 
There is a common but most reprel ensible practice of 
referring conductivities to some n tenal such is silver. 
The result has been that numerous m st careful experiments 
by skilled electricians are found to be valueless for no two 
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of tliem take as their standard metal a metal with the same 
conductivity. Nor are the relative conductivities of tlie 
standards known. Even Dr. Matthiessen's experiments 
do not allow the construction of a perfectly satisfactory 
table. 

It should be observed that while copper \\zs the greatest 
conductivity k ro 

relatively to m has 

ance for an) h g gh -at 

of considerab mp ta 

§ 16. Tiie p m ea as 

d 

d h 



the tempera 

iron and tli Ii D 




alloy at the 

may be calcu m 
the following m 
R { 
The following are th 


values Of « and 


Most pure metala . 
„ Mercury 
„ Genuiin ^ver 
„ Platinum silver 
„ Gold silver , 


. . ■003824 

. . ■000748s 

. . -0004433 

. -00031 

■ -0006999 



According to experiments by Dr. C. W. Siemens, the 
resistance r for any temperature up to one thousand degrees 
Centigrade is expressed by the general formula r =«t! + 
81 + y {Bakerian Lecture, 1871). 

Very slight impurities increase the specific resistance of 
metals considerably, and they diminish the change of 
specific resistance with a change of temperature. 

The copper wire obtained commercially for submarine 
cables has usually a specific resistance from 5 to 8 per cent. 
higher than that of pure soft copper. It is usually tested at 
24° Centigrade, at which temperature the resistance of a foot 
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grain of pure soft copper is o'2262. The specified resist- 
ance of the French Atlantic cable at that temperature was 
o'2456 ; the actual mean resistance per foot grain at 24° 
was 0-2388; calling r the resistance per knot, w the weight 
in lbs. per knot, and s the resistance per foot grain, 
R = 5^93-1 i ... 12 

The resistance of iron used in telegraphy is given b) 
Latimer Clark as 7 times that of pure copper, or at 34° 
Centigrade 1-58 per foot grain: different specimens vary 
considerably. 

§ 17. The specific resistance ofinsulatingmaterialsdoes not 
admit of being tabulated in the same manner as that of metals, 
because slight differences in the preparation of the materials 
cause great differences of specific resistance, and because of 
the effects of electrification* and of age. Gutta-percha and 
India-rubber as applied to ins\ilate submarine cables have 
been the subject of an immense series of careful experiments. 
The resistance of a cubic centimetre of gutta-percha, a fort- 
night old, and tested at 24° Centigrade after one minute's 
electrification, varies from about 25 x 10'* ohms to 500 x 
10*'' or more. The mean value of the specific resistance of 
the gutta-percha employed for the 1865 Atlantic cable was 
342 X 10" (ohms) after one minute's electrification. India- 
rubber when in good condition has a stili higher resistance. 
The Persian Gulf cable made by Hooper had a specific 
resistance of about 7500 x 10'^ ohms. 

Let R be the resistance of a length l of gutta-percha cover- 
ing to conduction, from the wire inside to the water outside, 
that resistance being what is commonly called the insula- 
lion resistance of the covered wire or core of a submarine 
cable; let m be the specific resistance of the material referred 
to the unit of volume ; and let ? be the ratio between the 
diameter of tiie covering and that of the covered wire : then, 
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L and M must be expressed in the same system of units. 
The resistance r^, of a knot of cable is 



506300 
■vhere m is the specific resistance referred as above to centi- 
metres. The value of — ^ — adopted by Mr. I^timer 

506300 
Clark for gutta-percha at 75° F is 769, corresponding to a value 
for M equal to 389 x 10^ megohms. This is a high value. 
The resistance of G.P. increases under pressure. Let e,, be 
the resistance at the pressure p expressed in pounds per 
square inch, and R the resistance at the atmospheric pres- 
sure ; then, approximately, 

Rp = r(i -I- 0-00023/.) ... 15° 

The constant o*ooo33 probably varies for different speci- 
mens and at different temperatures. 

The resistance of G. p. also increases very considerably with 
age, if kept under water This has not been observed with 
India-rubber. The resistance of some specimens of India- 
rubber tested by Dr. Siemens decreased under pressure. 

§ 18. We may calculate the resistance of an insulating 
material separating two conductors in the following way. 
Let a body of known capacity s measured in microfarads be 
charged to the potential p measured in any unit, and let it 
be gradually discharged through a great reiHtance r such 
as the gutta-percha covering of a submanne cable offers to 
conduction through the insulating envelope, from the wire 
inside to water outside — the potential of the water being 
zero. Let the potential of the charged conductor fall to p 
in the time / measured in seconds , then in megohms 
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The capacity in electrostatic measure of covered wire, 
liegiecting the ends, is given by the equation 6, Chap. V.j to 
convert this into electro-magnetic measure, we must divide 
the \alue b* v^ (§ s, Chap. VIII.) j and to express the result 
in microftrads the quotient must be multiplied by lo" (Chap, 
\ 4 5) hence the value of s for one knot or 6087 ft expressed 
in microfarads is 

42 X 6087 X 30'48 >, 10" O-203S 

46052 X (iS-S)" K lo" X log °y log ° ■ ■ ''° 
Substituting this value for 3 in equation {16), we have for 



This formula is the more convenient as d, d, p, p may be 
measured in any units as the ratios only are required. More- 
over, log -J is a constant for any one cable. The values of p 

and/ may be observed on any electrometer, or by means of 
galvanometers, using tlie method described In the chapter on 
the Measurement of Capacity. 

The specific resistance of very short specimens of wire in- 
sulated by different materials may be calculated by the above 
method, when the current traversing the material would be 
insensible even on the most sensitive galvanometer. 

The method described in this section is only correct if e 
be constant throughout the experiment; we know that under 
electrification it actually increases from minute to minute, so 
that the result given by the formula is intermediate between 
the resistance when the experiment began and when it 
ended. 

§ 19. A rise of temperature invariably causes a decrease 
in the resistance of insulaiors. Within the limits of 0° and 
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24° Centigrade the law of the decrease for guttii-percha is 
approximately expressed by the following empirical formula; 
Let r be the resistance of the material at the higher 
temperature, and R the resistance at the lower temperature, 
and let / be the difference of temperature in degrees Centi- 
grade : then 

R = ra' or log — = / logiT . . . 19°; 

where (( is a constant varying with different specimens of 
gutta-percha and also with variations in the time of electri- 
fication. The value of log a increases as the time of elec- 
trification increases, and is also higher at the lower tempera- 
tures. The following table gives values of log a for different 
times of electrification and also for two ranges of temperature, 
from 0° to 12° and from 12° to 24°, derived from a series of 
experiments made on a knot of French Atlantic cable. 



■0657 


■0554 


■0686 


■0560 


■0706 


■057 


■0725 


■0574 


■0729 


^578 


-0736 


■058 


■0765 


•0600 


■0747 


■0618 



90 or more 

Thus die resistance r, after one minute's electrification 
at 0°, was 7,540 megohms. Then, to find the resistance 
r at 10° after the same time of electrification, we have 

log - ^ 10 K 0-0562 ; whence r = iS4^ _ a^j^ 
r 3-648 

The following is a table of the relative resistances at 0° and 
ij\° after various times of electrification. 
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754° 
9650 

14400 
17400 



509 



It should be observed that the difference Id resistance 
produced by electrification is much greater at the low tem- 
peratures : or, putting the same statement in another form, 
there is a much greater change of resistance produced by a 
change of temperature after long electrification than with 
short electrification. Experiments have been most frequently 
made after one minute's electrification. 

The following are a series of values of— for the tempera- 
ture of 0° and 24° from different observations. 



Persian Gulf . . ■ 3*>'5 


■0651 


Cores in which thickness of 




G.P. does not exceed -11 




in. " . , . . 23-62 


■0572 


French Atlantic . . 20'43 


■0545 


WiUoughby Smith's im- 




proved G.P. . . . 28'i4 


-0604 


Silvertow India-rubber . 17S4 




Hooper's India-rubber . 3-01 


■0199 



The experiments on the Silvertown India-rubber seem to 
show that the increase of resistance does not follow the law 
expressed by equation (19). The resistance of Hooper's 
material on the contrary, according to Mr. Warren's experi- 
ments, does admit of being calculated by that formula up to 
the temperature of 38'33 Centigrade : the resistance is halved 
by a further increase of i8"33''. 
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The electrification of Hooper's material is still more 
remarkable than that of gutta-percha ; with one specimen 
the apparent resistance had increased fourfold at the end of 
10 minutes, and after 24 hours' electrification the resistance 
was 23 times greater than at the end of one minute. 
According to Mr, Warren, if r, is the resistance after one 
minute, and b, the resistance after the time /, the ratio — ^ is 

constant for all temperatures with this material. 

§ 20. The specific resistance of other insulating materials 
than India-rubber and gutta-percha has been very little tesfed; 
that of glass varies immensely in different specimens. Ley- 
den jars may be found h h d 1 1 ,—5 h 
of their charge per d d 1 ^ pai f h 1 
appears to be due to d h f p 
ing as it is called, rati 1 d th gh h m 
of glass. The spec fi f k d f gl 
is therefore nearly it ii b y p m f gl 
especially those whicl ta 1 d 1 dl) 1 11 
as gutta-percha. Yulca p lai and p ffi g d 
insulators, but I am f p d ^ 
their specific resistance. Liqmd paraffin and some oils are 
also good insulators. 

§ 21. Graphite and gas coke are used as conductors in 
batteries, and according to experiments by Matthiessen their 
specific resistance referred to the unit of volume is from 
about 1,450 1040,000 times that of pure copper. Tellurium 
and red phosphorus have still higher specific resistances. 
The following table gives Dr. Maithiessen's results expressed 
in the units now adopted. 
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M'--'^- I ^'^^:<st 


Ccniigradf. 


Grapliitc, specimen i 

Gas cote "..'.'. 
Bunsen's Battery, coke . 
Tellurium .... 

Red Phosphorus 


41800 

4280 

67200 

212500 

ohms, 
■ 32 


1 

26'2'> 



§ 22. The specific resistance of liquid electrolytes is not 
very accurately know]i owing lo the difficulty in measure- 
tneiit due to tlie phenomenon of polarization. A rise of 
temperature diminishes their resistance in all cases. Its 
effect has been studied by Becker (' Ann. d. Chem. u. 
Vharm.' 1850 and 1851) and by Beetz (' Pogg. Ann.' cxvii. 
1863). Paalzow lias endeavoured to avoid die difficulty 
caused by polarization by using composite electrodes con- 
sisting of amalgamated zinc plates in porous cells containing 
solution of sulphate of zinc ('Pogg. Ann.' cxxxvi. 1869). 
Kohirausch (' Pogg. Ann.' cxxxviii. 1869) has used the 
rapidly alternating currents cf a magneto- electric machine 
with electrodes of very large surface. J. A. Eiving and J. G. 
MacGregor ('Trans. R.S.E.' xxvii. 1873) have applied the 
'bridge' method (§ 11), using a Thomson's 'dead beat' 
mirror galvanometer, which enabled them to observe the 
resistance before polarization had time to become sensible. 

Tlie saturated solution is frequently not the best con- 
ductor Tl s s tl e case with sulphate of zinc and chloride 
of sod un Sulphu c acid when diluted with water has a 
minimun res tan e vhenof specific gravity I'^s, or accord- 
ing to i r expenments when 45*84 grammes of SO3 are 
mixed th 100 cubic o 
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The following tables show the resistance of some of the 
solutions most employed in batteries. By the term ' specific 
resistance ' is meant the resistance, expressed in ohms, of one 
cubic centimetre to conduction between opposed faces. 

Sulphate of Zinc {<a lo" Cent.Y 



„...„, 


5? 

i82-y 


Dendly. 


rSIsi- 


Density. 


SjKcific 


D^nsiiy. 


S 


I'OI^ 


i-ioig 


43-1 


1-2709 


28 -s 


I -3530 


31-0 


1-01^7 


1 40 "5 


Wit 




1-280, 


28-Vnin, 






I -0278 




321 


1-2895 


28-5 


1-4174 


33 '4 






1-2186 










f337 




50-8 


1-2552 


29-2 




29-2 


SaluratEd 



The solution of maxinnira conductivity may be prepared 
by dissolving 73-5 parts of salt ir\ 100 of water. 

Sulphate of Copper \,at laP Cent.).' 





Specific 


- 


Specific 


. 


Specilic ' 


De > y. 


Re.j^lance. 


' 




^ 


EeHsumct. 


113167 


164-4 


1-0858 


47-3 


1-1679 


317 


1-0216 




I-II74 


38-1 


1-1S23 




1-0318 






35t> 


I -305 1 


\ 29-3 j 




1 59-0 


1-1432 


34*1 


Saturated 



The resistance of mixtutes of these salts ' is invariably less 
than the mean resistance of the components, being in many 
cases less than that of either.' ' 









S 


ilpAu 


kAe, 


d—dU 


did.-^ 






Specific 
gr^ivity 


0= 


4° 


^ 


.a° 


.^ 


co= 1 H" 


28' [ Ctmigrode. 


I -10 










■84^ 












■02t 






-567! ■48( 




of one cubic 






I-oq 


■8q6 


■74- 


■62. 




■3« 


centimitre to 




1-36 










■561 


-475 






1-40 


I-bq 










-OW 




-839 


between op- 










1-89 














4-82'4-:6l3-62 


3-11 


2-75 \i%(> 






expressed in- 


1-70 


9-41,7-67,6-25 


yi2 


4-23 !3-57 I3-07 


2-71 *ohms. 



' Ewing and MacGregor. 
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Bpeeific gia- (1-94 1*83 1-65 150 i '39 1-3 1*22 I'lSJof one cubic 
vity 1 '36 r I certiraetre in 

) \ ohms. 

The specific resistance of water (res. of cubic eentimitre) when pure is 
9320 ohms, computed from experiments by PouiUet. The presence of 
jijifiiith of sulphuric acid reduced this resistance to 1550. The tempera- 
lures were nOt given by PouiUet. 

§ 23. When the resistance of insulators is being mea- 
sured, care must be taken to prevent conduction over the 
surface of the insulating material between the two conductors 
separated by that insulator. If, for instance, a conductor 
c. Fig. 125, supported by a long vulcanite stem, be chained, 
and the gradual fall of potential tested by observing the 
potential on an electrometer, the insulation resistance of 
a b will not really be tested, for conduction will take place 
almost wholly by creeping over the slightly damp or dirty 
surface from a to b. Similarly the insulation resistance of a 
short lengthof covered wire, Fig. 115, willbe very incorrecdy 
indicated by a galvanometer g, unless the surface of the 
gutta-percha near a separating the wire from the water 
is such as to allow no creeping. Surfaces have no special 
conducting power, but the slight film of damp or dirt 
conducts in proportion to its sectional area and the con- 
ducting power of the particular kind of dirt. Thus brass 
filings or salt with a little moisture form a highly conducting 
film. The surface of glass being hygrometric will always be 
covered with a conducting film, unless the atmosphere be 
artificially dried in the neighbourhood. The outer layers of 
gutta-percha, soon after being exposed to the air, become 
so far clianged as to instjlate badly, so that the surface 
should always be fresh cut when experiments are being 
pei^ormed. Old vulcanite is often found covered with a 
conducting film resulting from the decay of the material. 
T!ie surface of old glass which has been exposed to the 
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weather conducts better than new glass. Mt. Varley gives 
the following recipe for preserving and renewing the insu- 
lating power of ebonite or vulcanite supports : — 

First, wash the ebonite with water, rubbing it well till dry ; 
secondly, moisten the surface of the ebonite with anhydrous 
paraffin oil. To prepare this, put a quart of c 
paraffin and an ounce of sodium into a bottle. 

A glass support or the inside of a Leyden 
jar is best cleansed by being washed with 
distilled water and dried at a fire without 
being wiped. A stem such a.% a b may then 
be made to insulate admirably by setting it 
in a deep narrow tube witb a little concen- 
trated sulphuric acid at the bottom. To 
increase the resistance of the conducting film, 
its sectional area must be diminished as much 
as possible, and its length increased ; hence 
a long rod a b, Fig. 135, will insulate better 
than a short one, and a rod of wmall surface 1 
better than one with a large surface. 

The resistance of a film of dirt does not appear to follow 
Ohm's law. When the potential of the charged and insulated 
conductor is increased, the loss by creeping increases in a 
much higher ratio : probably the conduction is partly due to 
numberless small discharges from one speck of dirt to it* 
neighbour. 



CHAPTER XVir. 

COillPARISON OF CAPACITIES, POTENTIALS, AND QUANTITIES. 

§ I. The relative throw or swing of a galvanometer needle 
caused by the cha^ng or discharging of two conductors 
gives a very convenient method of comparing their capacities 
when these are sufficiently large. Thus let x y. Fig. 126, 
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represent the plates of a condenser separated by a dielectric 
from the opposed series of plates a b ; let a l> be connected 




with the earth, and let « j be connected with the body of the 
key M ; the contacts P and o of this key serve at will to con - 
iiect xy with the zinc pole of the battery z c, the copper pole 
of which is to earth, and with the one terminal of the galva- 
nometer G, the other terminal of which is also to earth. If 
the handle at M be lifted, the condenser .rj will be charged 
with negative electricity. On depressing m this charge will 
flow to earth through tlie galvanometer g ; this flow iinll 
throw the needle of the galvanometer to one side by an 
impulse of very short duration. If theneedleis impeded by 
no friction, calling s and S, the capacity of two condensers, 
whidi, when changed by the same battery, throw the needle 
to the angles i and /|, we have 



The current is proportional to the capacities, the impulse 
is proportional to the current, and the sines of half the angles 
are proportional to the impulses: lience we have the above 
proportion. Instead of observing the discharge we might have 
placed the galvanometer g between m and die plates x y of 
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the condenser ; in that case, on raising m we should observe 
the throw of the needle produced by the charge' when flowing 
in instead of wlien flowing out; the throw in the two cases 
is tlie same if there is no leakage from x y Xq a b. We 
might substitute for the earth any other conductor, joining 
E El and Ej without in any way affecting the observation. 

§ 8. The galvanometer g may be shunted when one con- 
denser is observed, and less shunted or not at all shunted 
when a second condenser is tested ; but in that case it is 
necessary to take care that the resistance of the shunts bears 
the same relation to that of the galvanometer for transient 
currents as for permanent currents. The self-induction of 
tlie shunt and the galvanometer may be very different, anil 
may seriously affect the proportion in which the current is 
subdivided between the shunt and the galvanometer. 

§ 3. A differential galvanometer may be made use of to 
compare two condensers, the capacities of which are nearly 
equal. The charges given to the two condensers by the 
same battery must, for this purpose, be passed simul- 
taneously through the two coils of the galvanometer ; the 
sine of half the throw will then be proportional to the dif- 
ference between them. In making this experiment it is not 
necessary that the coincidence between the times occupied 
by the passage of the charges should be absolute ; it is 
sufficient that both chaises pass while the magnet is still 
sensibly at rest. A similar comparison may be made, using 
a simple galvanometer, by the following device; — 

Pass a current from a battery c z. Fig. 127, through a con- 
siderable resistance R Ri. Connect one point of the resistance 
R R, with earth at e, the rest of the system being insulated. 
Then two points A and b separated from e by equal resistances 
will be at equal and opposite potentials. Now let the two 
condensers to be compared be charged respectively by 
simultaneous contact with a and b, then if they are equal they 
will receive opposite and equal charges. Next connect the 
two condensers one with another (after removing both from 
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A and e) ; then the two equal charges will exact'y neutralize 
one another, and no charge will be detected in either con- 
denser. The absence or presence of a charge may be 
observed by galvanometer or electrometer. The proportion 




between two condensers may similarly be measured by 
observing the proportion between the resistances a e and e e 
required to produce charges which exactly neutralize one 
another. The capacities will be inversely proportional to 
the resistance a e and e b. These resistances must 43e 
considerable, or tlie potentials at a and B will be insufficient 
to charge condensers in such a way as to be measured by 
the electrometer or galvanometer. 

The points a and b may be connected by sliding pieces 
to successive terminals subdividing r r,. 

§ 4. For small capacities Sir William Thomson's platy- 
meter and sliding condenser, may be used (vide Gibson and 
Barclay, spec. Ind., cap. Paraffin — Phil. Trans. 1871). 

Let there be two equal condensers/ and/,, Fig. 128, the 
outerarmaturesofwhich are insulated and theinner armatures 
connected with an electrometer. Let A and B be the two 
condensers which are to be compared ; connect the outer 
annatures of Aand Bwith/ and /i respectively, and their 
inner armatures with the earth. 

Let A be so constructed that its cajjacity can be varied at 
will. Charge the outer armature of A positively, and at the 
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same time connect the point q with the earth ; the outer 
armature of p will take a positive charge, its inner armature 
a negative charge ; p■^ will remain uncharged. Now break 



5 

^pj 



B 



contact between q and the earth ; the electrometer will not 
deflect, for the charge in/ will be unaltered. 

Connect the outer armatures of a and b ; if the ratio nip 
to A is the same as that of /, to B, the potential of q will 
remain unchanged, and the electrometer will not be de- 
flected; if - is greater than ^ , the potential of q will be 

lowered; if ^ is less than £■', the potential of q will be 

raised by the connection of the outer armatures of a and 
B. The deflections of the electrometer due to the raising 
or lowering of the potential of rj allow us to adjust the 
capacity of a until the ratio -^ = ^, and if / ;= /,, we 

shall then have a = b. a can therefore be adjusted until 
it is exactly equal to b. 

This appears to be the best method for copying standard 
condensers, because it does not depend on the accuracy of 
any other instrament. Any error in the adjustment of/ and 
Pi can be detected and allowed for by reversing the jjosition 
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cf A and B. The relation of equality is not required. In 
order that no deflection be produced by free electiicity at q, 
it is sufficient if 



The analogy with the Wheatstone's bridge is obvious. 

5 6. The iii.fi'/w/f capacity in electrostatic measure of any 
small condenser is obtained by comparison with that of -a 
sphere of known dimensions enclosed within another sphere 
of known dimensions. 

The absolute capacity of larger condensers in electro- 
magnetic measure is obtained from the throw (" of ihe needle 
of a galvanometer through which an instantaneous dis- 
charge is passed ; we have the capacity. 



Where t is half the period or time of a complete oscillation 
of the needle of the galvanometer when no current is pass- 
ing, and R, the resistance of a circuit in which the e. m, f. 
used to charge the condenser would produce the unit de- 
flection ; i has the same meaning as in § i. In a reflecting 
galvanometer half the deflection may be taken as equal to 
sin \ i. This formula follows from the fonnula for the im- 
|)ulse produced by the current on the magnet, and the 
formula for the throw produced by a given impulse. In 
order that it should be applicable, the impulse must be very 
short when compared with the time t, and the resistance of 
the air must be insensible. This latter condition is only 
fulfilled when successive oscillations of the needle are 
sensibly equal. .4 galvanometer with a heavy needle should 
therefore be used in making this observation. The absolute 
value of the difference between two condensers detected by 
the method described in § 3 can he determined in this way. 

§ 6. I'he comparison of potentials of two batteries may 
he made indirectly by observing the currents which the two 
batteries are capable of maintaining through known resist- 
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ances ; but this method has tlie defect that the electromo- 
tive force of most batteries varies when the resistance in 
circuit is changed, being higher with a large resistance and 
lower with a small resistance in circuit. The potentials can 
he directly compared by comparing the deflections which the 
two batteries produce on the same electrometer. If the 
difference is great, a graded electrometer must be em- 
ployed, or the following method may be used : charge a 
condenser with the higher potential ; insulate the condenser, 
and then diminish the potential in a known and convenient 
ratio by connecting a second condenser with the first, the 
ratio between the condensers being previously determined. 
In this way the reduced potential mav be brought within 
the range of the electrometer employed to measure ihe 
lower potential. If the condenser is large, the electrometer 
may be dispensed ivith and a galvanometer used to 
indicate the relative potentials, to which the condenser is 
successively charged by two batteries. The two discharges 
are proportional to sin ^ i ; and as the capacity of the 
condenser is constant, the potentials charging the con- 
densers are proportional to sin \ i, or in the case of mirror 
galvanometers to the throw of the spot of light ; by the use 
of shunts on the galvanometer this method is extended to 
the comparison of potentials differing 100 or 1000 fold. 

§ 7. A ^aan^W)" of electricity is seldom measured directly. 
A known current flowing for a given time conveys a de- 
finite quantity of electricity, and a body of known capacity 
charged to given known potential also contains a known 
iiuantity of electricity. The relative quantities per unit of 
surface on a conductor can be measured by the proof plane 
and an electrometer as already described. The qudntiiy of 
electricityproducing agiven amount of heat or chemical action 
is best measured by the measurement of heat or of the weit;ht 
of material electrolyzed. The quantity q of electricity in a 
very short current flowing through a galvanometer is gi\e:i 
in electromagnetic measure by the following fonnula : — 
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Q = 2 -I- sin ^ /■ 2° 

Where c, is the permanent current which produces the 
unit deflection on the galvanometer. This equation follows 
from equation i. 



CHAPTER XVIII. 

FRICTIONAL ELECTRICAL MACHINES. 

§ 1. The simplest of these is the electrophorus, which 
consists of two parts : i. adiscof ebonite^ or similarmaterial, 
A, cemented into a brass disc b, uninsulated ; z. a brass plate 
c which can be held in the hand by an insulating stem d. 
When the surface of the ebonite a is rubbed with flannel, 
silk, or a catskin, it becomes negatively electrified ; if the 
disc c be now superposed on the electrified disc a, and 
connected with tlie earth by being touched with the finger, 
some of the negative electricity on a is conducted to earth. 
Some of the negative electricity remains on a, partly because 
there is not perfect contact all over the surface between a 
and c, and partly because the electricity on a is not wholly 
Fig. IBS. '^'^ t*^^ surface, but being 

attracted by the disc b, has 
penetrated the mass of the 
vulcanite in the manner 
indicated by the electrifi- 
cation described Chap. V. 
§ 6. The negative electri- 
city remaining on and in a 
attracts a positive charge 
to the lower surface of c. 
If the finger be now re- 
moved and the disc c lifted, 
s Its charge of positne electricity, which may be 
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seen passing to earth in a spark if the knuckle or any other 
blunt conductor is brought near tlie edge of c. The dis- 
charged disc c may be again charged by being placed as 
before on the disc a and toiiclied by the finger, and this 
process may be repeated until by gradual conduction to B 
and c the original charge on a is dissipated. It is certain 
that the electricity which is effective in inducing a chaise on 
c does not lie on the surface of a, for the addition of one 
or two littie brass pegs/, passing from the surface of a to B, 
improves the action of 
the electrophorus : this 
little brass peg serves to 
conduct any negative 
charge which may accu- 
midate on the surface of 
A to the earth. The elec- 
trophorus therefore acts 
as if the parts were 
arranged as in Fig. 130, where the simple vidcanite disc 
A is replaced by a metal conducting disc a a, electrified 
with negative electricity, and separated from c by a thin 
layer of dielectric, and from b by a thicker layer of the same 
dielectric. 

An electrophorus will continue to give sparks in rapid 
succession for a considerable period, and may be used to 
charge Leyden jars. A cheap electrophorus may be made 
by using a cake of resin instead of vulcanite, and wooden 
discs covered with tin foil instead of the brass pieces e and c. 

5 2. The frictional electrical machine, Fig. 731, consists 
of a vulcanite or.glass disc or cylinder a, made to revolve 
between cushions or rubbers of leather or silk e b,. Ey the 
friction the (silk) rubbers become negatively, and the glass 
positively electrified. The difference of potential depends 
on the substances used as rubbers and disc ; if one of 
these be put to earth, the other will be raised or lowered, in 
potential to twice the extent by which it would have been 
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laiied or lowered if both were insulated, having been at 
tiie potential of the earth before commencing tiie experi- 
ment. This action is precisely analogous to that which occurs 




iiiiiiii 



with a galvanic ctU J when both poles are insulated, one is 
raised above the potential of the earth, and the other 
lowered beneath it. Let one pole be put to earth, the po- 
tential of the other is immediately doubled, the difference of 
potentials remaining what it was before. Let us assume 
that the rubbers in an electrical machine are put to earth, 
then the positive electricity of the glass is collected by a 
series of points d D), placed close to the glass, and con- 
nected with a conductor f or a Leyden jar. The glass points 
are sometimes described as acting by induction thus : the-f 
electricity on a induces — electricity on the points, which 
springs across to the glass, neutralizing the -f electricity on 
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the glass, and leaving the cond t L )d j p 1 

electrified. There is neither th t al p t cal d IT 

ence between a negative spa k p ^ f m t I 

a positive spark passing f m t d y 

therefore correctly use the m fl t t t gi 

above. The positive electri ty h h 1 gl 1 
supplied through the rubber am f g t 1 

tricity flows from the rubber 1 rth h 1 tl 

ductor or jar is being charge ! 1 h 1 > g 

otlier words that positive elect ty fl fr m tl h t 

the rabber, whence it crosses h gl d tl 

conductor F or to a Leyden Jar. It j t 111 

etfective working of the electrical machine in charging a jar 
that the outside of the jar be to earth, as that the rubber be 
to earth ; and if the outside of the jar and the rubber be 
connected, it is unnecessary that either should be to earth. 
It is necessary in order to cliarge a jar or conductor as 
highly as the machine is capable of doing, that the electric 
circuit should be complete, except across the dielectric used 
to insulate the conductor to be charged. It is of no import- 
ance whether the earth form part of that circuit The 
parts roust be arranged as in Fig. 132, wliere b represents 
the rubber, a the rubbed glass, gGj conducting wires or 
cliains, F and c the two opposed coatings of the Leyden jar 
and D the dielectric ; c may p,^ ,^^ 

be a mere brass ball, f the 
walls of a room, and d the air 
of the room. The case will 
not differ from that of an ordi- 
nary Leyden jar except as to 
the capacity of the conduc 
c. The machine e a will 
produce the full difference of 
potential it is capable of producing bet« ccn f -ind l The 
cliarge given to c will simjily then be proportional to its 
capacity. The circuit may all be insulated ; it may be pui 
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to earth between b aJid f, or it may be put to earth between 
A and c The only effect of these clianges will be to alter 
the absolute potential of f and c, but not to alter the 
difference. If, however, g and G, are both put to earth, the 
circuit is destroyed and no effect will be observed at r or c. 
Similarly, if G or G^ are broken, the circuit will be destroyed ; 
but in this case some less perfect circuit is generally com- 
pleted, which will lead to the observation of some electrical 
difference between F and c if either g or G| are entire. 

§ 3. In electrical machines sold by opticians, large brass 
conductors f f, insulated on long stems, are usually con- 
nected with the collecting points dDj Fig. 131. Theselarge 
conductors have a sensible capacity, and allow the machine 
to produce long sparks and other phenomena requiring the 
accumulation of a considerable quantity of electricity. 
The addition of a large pasteboard cylinder with rounded 
ends covered with tin foil insulated from the eartli by a 
single long stem and connected to d d. by a wire through 
the air, allows the volume of the spark obtained from 
the machine to be greatly increased. The insulating stems 
are best made of vulcanite, and should be kept clean, 
as described in § 23, Chapter XVI. No points or sharp 
angles must form part of the system of conductors 
attached to ddi, if phenomena requiring great differences 
of potential are to be observed. Glass stems and discs are 
old-fashioned. They are weak, hygroscopic, and when 
rubbed with hot cloths to dry them become covered with 
fluff which conducts the electricity to earth. 

§ 4. The friction of globules of pure water suspended in 
steam against wood and other insulators may be made use 
of to produce electricity. This fact was discovered by Sir 
William Armstrong, whose apparatus was made as fol- 

The steam issuing from a high-pressure boiler by the 
pipe A passes in a series of tubes (not shown) through the 
box B, which is supplied with cold water; from these tubes 
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h 1 d h densed globules issues through 

th J ITi J lined with wood. The friction 




1 k d p p n insulator of the same class as 

f] 11m 1 ag which the water rubs exercises, 

m ^h 1 b pated, a great influence on the 

n d g f 1 1 ctricity produced. When tur- 

p ti d h h ater, the vapour becomes nega- 
\y 1 d 



CHAPTER XIX. 

ELECTROSTATIC INDircTIVE MACHINES. 

§ 1. The action of the electrophorus, described in § 1. 
Chapter XVIII. maybe imitated by arrangements no part of 
which requires to be electrified directly by fricLion; and, more- 
over, the apparatus can be arranged so that the inducing 
charge shall be continually strengthened by the action of 
the machine. Inductive machines of this kind have been 
invented by Bennett, Nicholson, Mr. Varley, Sir William 
Thomson, and others. Mechanical energy in these instru- 
ments is converted directly into an accumulation of elec- 
tricity at different potentials, the work done being expended 
in overcoming electrostatic forces. The following is Mr, 
Varle/s design : — 
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iductors, c, c, c (Fig. 134), which will 
■ached by means of a vulcanite disc b 
be made to rotate at pleasure. The 




disc and carriers rotate between two pairs ot metal insulated 
cheeks, e and r?,, which will be called inductors. 1 he knobs h 
and //| are in connection with the earth, and are grazed by 
the carriers <; c as they revolve. There are also contact 
pins at^and^i, which put each carrier successively in con- 
tact with e and with e-, for an instant in passing. 

Let asmall charge ofpositive electricity be communicated to 
f, the rest of the apparatus being at the potential of the earth. 
The plate e will induce a negative charge in c as it rises 
past h, the positive electricity flowing to the earth through h. 
The carrier c conveys this negative charge to g^, giving up 
almost the whole of it to the surrounding inductor plates e^. 
This redistribution of the charge leaves c almost neutral, 
and the inductor e-^ next induces a positive charge in c as 
it descends past //] ; the carrier conveys this to e through 
the pin g, and so augments the original positive charge. 
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When it again passes h, il receives by induction a greater 
negative charge than before, which again augments tlie 
negative charge in ^„ and this induces a new positive charge 
on ;:, whicb is transferred to e. Each turn thus augments the 
charge on both inductors in a continually increasing ratio ; 
and the only limit to the charge which can thus be accumu- 
lated on the inductors is that determined by the escape of 
electricity from them in the form of sparks or brushes. A 
continuous supply of sparks may be drawn from s or f ,. The 
knobs h andA| need not be in connection with tlie earth, 
provided they are in connection v/ith one another. In that 
case, when c passes^, andi^j, immediately opposite, passes /(,, 
c and c^ are connected for an instant. A positive charge is 
induced in c,, and a negative charge in c. Wien this arrange- 
ment is adopted, one of the inductors may be in connection 
with the earth. 

The arrangement adopted by Sir William Thomson Co 
replenish Leyden jars, Chap. XIV. § z, in which he wishes 
to maintain a constant potential, is very compact. The 
inductors are metal plates ee^ bent so as to form cylindrical 
surfaces, as in Fig. 135. The axis a supports two carriers 
C C|, which are also parts of cylinders not exactly concentric 
with the inductors. In the fig. the axis and carriers are shown 
removed from their positions inside the inductors. The 
connectors are shown at h and /ij. The springs ^andg^i 
correspond to the pins with the same letter in Mr. Vajley's 
arrangement. In the viouse milt, another arrangement used 
by Sir William Thomson to give a rapid succession of ^arks, 
the inductors are parts of cylinders and the carriers are 
long strips like the staves of a barrel. The smallest con- 
ceivable charge on one inductor of these machines is 
sufficient to start them ; indeed, it is difficult, if not impos- 
sible, so completely to reduce e and ^i to the same potential 
that after a few turns of the carriers they shall not be highly 
charged. 

5 8. Holtz's electrical machine is an inductive machine in 
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which tbe carriers are replaced by the imperfectly conducting 
film which usually covers a disc of glass, or by the external 
film of the glass itself considered as a body caoable of 




receiving a charge, tliough not of conducting electricity. 
This film must be a sufficiently good insulator not to allow 
the escape of the charge it has taken. The theory of the 
machine will be more readily understood if we replace the 
imaginary film by a series of insulated carriers similar to those 
described for Mr. Varley's apparatus. 

Let there be a fixed disc. Fig, 136, of insulating materia! 
E and a rotating disc of insulating material A ; on each 
side of the disc a let there be a series of metal carriers c 
and d all insulated from one another. On the disc b let there 
be two inductors e and £,, the first positively and the 
second negatively charged, e and c, cover both sides of 
disc B for a short distance, and there are two openings F 
and F), as shown. The fixed rods h and h^ serve to join 
successive pairs of carriers d and d^ as they come opposite 
e and ty The rods h and h^ are shown with a couple 
of little balls, which can be separated to show sparks pass- 
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ing along tlie connecting rods h and //|. There are also 
shown two springs g and g^, which serv 
carrier c in succession with e and e,. 
Now let the disc a revolve so that the 
side nearest us moves in the direction of 
the arrow ; when c is opposite e, and 
f, opposite ^1,1/ and i/, being connected 
by /( and //j, there will be a positive 
chaise induced on the external surfaces ' 
of d and Ci, a negative charge on tl 
external surfaces of </[ and c. As tlie ri 
tation continues, each of these carrie 
will become disconnected from h and * 
//i, and will cany with it its 'Charge of , 
electricity without any considerable 
change in the distribution, d^ and i"| 
will, after a fraction of a revolution, 
come opposite f, where they are shown 
as c„. and d„. The positively charged 
carrier c^ will come in contact with the 
spring g ; at the same time e and d will 
have come to the position c^ and d,,, 
and the negatively chained carrier c^ will c( 
the sprint; ^|. There will then be a redistribution of elec- 
tricity. The capacity of (■„ and c^ is diminished by the absence 
of the plate Bat F and F,, and the result of the redistribution is 
lo remove the greater part of the positive electricity from c^ to 
c, of the negative electricity from Ct lo i'l, to set free negative 
electricity on d^ and positive electricity on rff When, therefore, 
(C„ comes under h into the position of d, the negative elec- 
tricity fiies to (/,, or, in other words, positive electricity flies 
from rf, to d, and the cycle of operations recommences. The 
rods //, //„ the carriers c, c^, S;c., the inductors e, ei, and the 
contact springs g^ g^ , all play exactly the same part in Holtz's 
machine as in Varlcy's, with the exception that in the new 




a contact with 
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arrangement the connectors h, . 
directly, join a new set of carrie 
induce charges. 



I, instead of joining c, 
i if, li,, &c., on which f, 



The actual Holtz's machine has no 
carrier. There is a fixed disc of glass u 
and a rotating disc of glass a. At the 
openings f and f, there are the in- 
ductors e and e^, made of paper ; the 
connecting-pieces^ and ^, are also ot 
paper, and merely point at the place 
where the carriers should be ; the con- 
ntctors ^, ^1 are brass rods ending in 
points opposite c and c, ; the part of the 
earners is played by the surface of the 
ghss ; the action is identical with that 
described for carriers. The openings 
it F| and F serve to insulate the positive 
fiom the negative parts of b as well aa 
to Iter the capacity of each portion 
of the surface of a as it passes them; 
the rods A and ^] are arranged so thai 
they can be withdrawn, leaving a space 
at n across which sparks pass ; if the 
space be gradually increased between /i 
and^] at re, after the machine has been set in action by charg- 
ing r? or ^1, a splendid violet brush of some indies in length 
may be observed passing at n. If Leyden jars are hung on 
/; and //, to increase their capacity, this brush is replaced 
by a torrent of brilliant sparks. With laige Leyden jars on 
i and ^1 one spark of extraordinary length and volume 
passes at sensible intervals of perhaps one or two seconds. 

In the fig-ires the openings f and f, are shown as if they 
were near together, because the whole series of inductions 
turn thus be better brought into one view. In the machine 
itself, as shown in Fig. 138, the openings are diametrically 
opposite one another, and the electricity is collected from 
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the glass by a comb or series of points h and Hj attaclie^i to 
the rods /; and /;,. The openings F and f, are behind the 
transparent elate a, though shown in the full lines. 

Fic. ,36. 




The dark portions of the figure e and e^ are the paper 
annatures which are on both sides of b. The gear is 
omitted by which a is driven. The plate b is carried by four 
supports touching its edge. 



CHAPTER XX. 



MAGJwETO-ELECTRlCAL A 



§ 1. The phenomenon described in Chapter III. § § 18 and 
19, and more fully explained in Chapter IX., is often de- 
scribed as mii^neto -electric induction when the current is 
induced by.llie motion of a wire in a field produced by a 
magnet, the term electro-magnetic induction being reserved 
for the case in which an electric current induces magnetism. 
The ' distinction in this senseisratherpopular than scientific, 
' An essential iind scientific distinction ecn be drawn between llie 
(wq cases by applying the name, magneto-electric induction, to all those 
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but it is convenient to retain the name magneto-electrical 
apparatus for those arrangements in which powerful electric 
currents are induced in wires moved across a magnetic field 
produced by pennanent magnets or electro-magnets. 

In magneto-electric apparatus the moving coils of wire 
must be driven by some external source of power. 

The term ekctro-tnagnetic apparatus is used, on the 
.contrary, for those arrangements in which the battery pro- 
ducing a current is the source of power which produces 
niotion. An electro-magnetic engine is one which may be 
employed to drive machinery. 

§ 2. Arrangements giving electric^ currents by the relative 
motion of magnets and coils were invented by Pixii and 
Ritchie. The apparatus which will be now described is 
generally known as Clarke's : In front of a powerful horse- 
shoe magnet a, Fig. 139, there are two bobbins b and Bj of 
insulated wire ; these two bobbins are carrleci by one 
frame v, which rotates round a horizontal axis, being 
driven by a pulley. The two coils of wire are continuous, 
so that a si'.igle current may flow round both; but they 
are so joined that the current flows in a right-handed direc- 
tion round one and Hows in a lelt-handed direction round 
the other. Each bobbin has a core of soft iron, and these 
cores are joined by iron at the back : that is to say, at 
the ends farthest from the horse-shoe magnet. Two ends of 
the wire on b and b, are directly joined, but the two other 
ends are connected through a set of springs rubbing on suit- 
able contact pieces on the axis, with two fixed terminals t and 
Ti, and the circuit is not complete till these are joined. We 
will suppose this to be done. As the coils rotate, each soft 
iron core is successively magnetised in opposite directions; 
thus coil E, when opposite a north pole, has its south pole 
near the magnet and its north pole at the back, and this 

eases wliidi require relative motion, and using electro-magnetic induclion 
to denote only those phenomena of indnction which resnlt from the 
change of currents or magnetism without relative motion. 



bv Google 



MagH, 



fkctrical Apparatus 



arrangement of tl e na^ e s re ersed en. e is opposite 

the south po e t us i evtry revolut on a magiet is, as it 
were odu e in o e dan and replaced with itf. 

poles n the oppos e d ectto nd \,3xa w th Irawn, 




T d Its north pole at one 

end of B, and the introduction of a magnet having its south 
pole at the same end, both tend to induce 3. current in one 
direction ; but the withdrawal of this second magnet, and the 
introduction of the reversed magnet, induce a current in the 
opposite direction. Thus from the instant the coil b begins to 
leave the pole s, to that instant at which it arrives opposite 
N, a current in one and the same direction is being induced ; 
but as soon as B begins to leave n and return to s the direc- 
tion of the current is reversed, and continues reversed until 
>pposite s. Thus two equal and opposite currents are 
iduced in b during each revolution. The same statements 
bid good of B|, but when the current induced in e is right- 



bv Google 



282 Electricity and Magnetism. [Chaf. XX. 

lianded that in Bj will be left-handed. When the coils are 
joined as described, the two currents are added to one 
another ; tlie currents can be observed and utilised on that 
portion of the circuit which is interposed between t and t,. 
With the connections as described the currents will be 
reversed between t and t, at every half-revolution ; but it is 
easy to arrange a set of contact pieces in the axis so that 
although the currents must necessarily lie reversed in th- 
coils, they flow always in one direction Ijetween t and t,. 

§ 3. Even when flowing in one direction the currents 
between t and t,, must rise to a maximum and decrease to a 
minimum once during each half-revolution. 

The maximum current occurs at those points where the 
armature (as tlie soft iron continuous core may be termed) 
resists the motion mo t strongly At these points the 

h g t gn t m t k gfl th 

Ih fill h t Idgi 

tmlbt h k tTlbtl h 

and tl k f did h th 1 

1 h 1 rr q d t fl 1 t d 

If th t m 11 1 1 d 1 Id b d 

f th k f th t m 1 >T th h 

1 h Idb p d f m fth 

§ 4 I d f pi I f b bb d 1 

horse-shoe magnet, we may arrange any con en nt n 1 
of bobbins on a ring moving in front of th p 1 of a 
of magnets also arranged in a circle. Still bette e m ) 1 
the ring of coils rotate between two rings of magnets, each 
coil having its own core, which is alternately magnetised in 
opposite directions ; each coil being then connected with its 
neighbour, so that the current flows alternately in a right- 
handed and left-handed direction, we add the electro -motive 
forces due to all the coils. 

The coils may be joined in series, or the pairs may be 
joined in multiple arc, the former plan being adopted if 
the object is to get a great e. m. f. between t and t, ; the 
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latter plan if our object is to obtain a moderate e. m. f., with 
a very small resistance in ihat part of the circuit which 
forms part of the magneto-electric machine. Great heat 
would soon be developed with the latter plan. With the 
former (coils in series) very perfect insulation is required 
between the separate layers of the coils, or sparks will 
perforate the insulating substance and destroy the action 
of the coils. The following is a description of a machine of 
this class constructed by Mr. T. Holmes, and successfully 
used by him to produce the current for a large electric 

The coils, eightj--eight in all, are fixed in the rim of a 
wheel about five feet in diameter, with their axes all parallel 
to the axis of the wheel. They are arranged in two rings, each 
containing forty-four equally spaced bobbins. The centre 
of each bobbin in one ring corresponds with the centre of the 
space between two bobbins in the other ring. This wheel 
is driven at about 1 10 revolutions per minute. Horse-shoe 
magnets are fixed in a frame round the circumference of the 
wheel in three planes, or rings, containing twenty-two each. 
The two poles of each magnei: are in the same plane, or ring. 
The distance between their poles is equal to the distance 
between the bobbins, or coils. The magnets in the two 
outside rings have similar poles opposite one another. The 
magnets in the inner ring are placed with opposite poles 
facing the two similar poles of the onter rings. The two out- 
side rings have compound magnets of four steel plates ; the 
magnets of the inner ring between the two sets of bobbins 
have six plates. The weight of each plate is six pounds. 
Alternate coils have their iron cores magnetised in oppo- 
site directions, but the wires are so connected in series that 
the induced curraits flow all in the same direction relatively 
to the wire. The length of the hollow iron core inside each 
bobbin is 3^ inches. Its external diameter, \\ inch; its 
internal diameter, r inch. Two copper wires, '148 inch in 
diameter, forty-five feet long, a'e wound round each core 
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and connected in double arc. These wires are equivalent to 
one wire "2 inch in diameter of the same length. The iron 
core and brass bobbin surrounding it are split ; that is to say. 
an open slit is left down one side of each cylinder. This 
prevents the induction of currents in the bobbin and wire 
where they are not wanted. 

E^ch ring induces forty-four distinct currents during one 
revolution of the wheel, and the maximum current from one 
ring coincides with the minimum current from the other ; and 
as each current lasts a very sensibletime, and by a commuta- 
tor is transmitted always in one direction, their combination 
does not produce a series of sparks, but a nearly constant and 
uniform current. One and a quarter horse-power is re- 
quired to drive the machine when in action, and much less 
when the circuit is broken so as to stop die induced currenc. 
This machine offers a striking example of the transformation 
of work into a current of electricity. 

§ 5. If the change of magnetisation could take place in- 
stantaneously, there would be no limit to the electromotive 
force which these machines could produce, except the limit 
imposed by the difficulty of insulating the wire and of driving 
the coils against a great mechanical resistance ; the electro- 
motive force induced in the coils would increase in direct pro- 
portion to the speed at which they were driven. Practically 
owing to the coercive force of even the softest iron and the 
self-induction of the wire on the bobbins, the change of 
magnetisation and of direction of the current occupies a very 
sensible time, and if the speed be increased beyond that at 
which the greatest change of magnetisation occurs, the elec- 
tromotive force will fall off instead of increasing. The effect 
of the coercive force is diminished as stated above by making 
the cote hollow, and the effect of useless induction is dimin- 
ished by splitting it from end to end. 

§ 6. Obviously the magnets used to induce the currents 
might be electro-magnets ; but if these were excited by an 
independent battery, the induced current would be obtained 
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at a mucli greater cost than would give the same current 
directly from a battery. 

Mr. Wilde conceived the happy idea of using a current in- 
duced by permanent magnets to excite a lai^e electro- magnet 
which is used to induce a second cAirrent, which can be so 
much greater than the first as the electro- magnet is more 
powerful than the permanent magnet. The second current 
may be used to excite a second electro -magnet still more 
powerful than the first, and this second electro-magnet used 
to induce a third current greater than either of the two 
others. Dr. Siemens and Professor Wheatstone simultane- 
ously invented a further extension of the same idea. They use 
the current induced by the permanent magnet to convert 
this magnet itself into an electro-magnet. The effect is very 
remarkable. However weak the permanent magnetism in 
the inducing magnet may be in tlie first instance, a few rapid 
turns of the coils with their armatures induces a current 
which increases in geometrical proportion, increasing the 
magnetism of the inducing magnet at the same time, until 
the resistance of the armatures as they pass the poles is 
such as to balance the driving power. The current in 
the main circuit may be directly utilised, or one portion 
of it may be shunted for use while the other branch 
maintains the magnetism of the electro- magnet. Mr. Ladd 
modifies this arrangement by having two distinct coils on 
his armature, one of which is used to excite the electro 
magnet, while the other conveys the induced current which 
is to be utilised outside the machine. Ladd's, Wilde's, and 
Siemens' machines will produce currents capable of fusing an 
rod an inch in diameter and a foot long. The arma- 
:ures and coils become themselves so hot that they must 
)e artificially cooled, or the machine can only be worked for 
f hort periods without being permanently injured. 

§ 7. The annature used in these new machines is generally 
of the form introduced by Messrs. Siemens, which is much 
superior to that in Clarke's apparatus. 
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The compound horse-shoe magnets are arraiiged in a pile 
of considerable depth, each separated from its neighbour by 
a sensible space, as shown in Fig. 140. The armature a a, 
rotates round the axis x v between the poles in a position 
where the magnetic field is much more inteuse than that 



«■- v^ 



occupied by Clarke's armature. This armature is a long bar 
of soft iron of an kH section, as shown in plan at a (Fig. 140), 
and is magnetised transversely. The wire is wound round it 
longitudinally, passing up one side and down the other. 

As this armature rotates round the axis x y its magnetism 
is reversed, and at each reversal a current is induced in the 
enveloping wire. The intensity and uniformity of the mag- 
netic field in which the wire is placed cause this arrangement 
to give much better results than those obtained by Clarke's 
arrangement. 

5 8. It is unnecessary that the armature either of Siemens' 
or Clarke's or any magneto-electric machine should com- 
plete one or more revolutions in order to induce a current : 
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the smallest motion about the axis is sufficient to produce 
some electromotive force, because it will change the intensity 
of the field in which the armature is placed. With Siemens' 
armature especially a very small deviation in one direction 
from the position shown in the plan, Fig. 140, will give a 
powerful cnrrent. The wires of the coil move almost directly 
across the lines of magnetic force, and the armature will be 
so magnetised as to help the induction so produced. A slight 
motion in one direction will induce a positive current, a 
slight motion in the opposite direction a negative current. 
Keys for sending electric signals without batteries are con- 
structed on this principle. 

§ 9. The Inductor iinn, or Ruhmkorff^s coil, is strictly 
speaking an electro-magnetic apparatus, inasmuch as the 
inducing magnet is not moved, but is magnetised and de-mag- 
netised by the passage and interruption of a current from a 
battery. It is 'used to obtain by induction a great electro- 
motive force from a battery of small electromotive force. The 
inductorium consists of an electro-magnet excited by a com- 
paratively short coil of thick wire called the primary coil : a 
long coil of fine wire, called the secondary coil, is wound 
round the same electro-magnet ; the primary circuit, which 
is completed by a battery of small resistance such as Grove's, 
i? alternately made and broken with great rapidity ; the 
secondary circuit is always complete, or interrupted only by 
such a space tliat the electrotiiotive force induced in the 
secondary is sufficient to cause the passage of a spark. 
When the primary circuit is closed, tlie electro-magnetism of 
the core induces a current in the secondary wire in a direc- 
tion opposed to that of the primary circuit. When the 
primary circuit is interrupted, the diminution of the mag- 
netism in the core induces a current in the same direction 
round the wire as the primary current, and therefore in a 
diiection through the secondary coil opposed to the current 
previously induced. 

The electromoti\-e force per foot of the wire in the 
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secondary coil depends on the intensity of the magnetic 
field produced and on the rapidity with which it is produced. 
The sum of the electromotive forces thus induced in a long 
coil is enormously greater than the e. m. f. of the inducing 
battery ; the longer the secondary coi! tjie greater the 
electromotive force. 

§ 10. Sparks many inches in length can be obtained from 
the secondary circuit of a large inductorium, but in sucli 
apparatus the greatest care is requisite in the insulation of 
the secondary coiL Each wire must be insulated from its 
neighbour by layers of some hard insulator which a spark will 
not easily pierce, and care must be taken so to wind the coil 
that no hvo portions of the secondary coil at very different 
potentials are near together ; this is effected by winding the 
coil in successive compartments A, ii, c,as in Fig. 141, where 
each compartment is insulated from its neighbour by discs 






of vulcanite. In order to facilitate the rapid change of mag- 
netism, the core should be either a hollow split cylinder or a 
bundle of iron rods insulated from one another. 

The making and breaking of the primary current is gene- 
rally effected by a little oscillating hammer having a small 
armature of soft iron at its head : this hammer is placed so 
as to be attracted when the iron core is magnetised ; by its 
motion towards the core it breaks the primary circuit; the 
core being no longer magnetised allows the little hammer to 
fall back and so once more to complete the primary circuit ; 
this re-magnetises the core, and the hammer again breaks the 
circuit, and this action repeats itself indefinitely. There are 
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adjustments by which the rapidity of the oscillations of the 
hammer can be regulated until the best result is obtained. 
The limit to the speed at which the successive currents can 
be induced depends on the coercive force of the iron core 
and the self-induction of the secondary coil The work 
done in the secondary coil by the induced current is neces- 
sarily less than that done in the primary coil by the battery, 
however much greater the electromotive force may be. 

The following is a description of an inductorium made by 
Messrs. Siemens : — The core is made of iron wires 1-3 m,m, 
diameter and 95 centimetres long. These are cemented to- 
gether and form a cylinder 60 m.m. diameter. Two layers of 
copper wire 2'5 m.m. diameter form the primary coil. Thi„ 
coil and the iron core weigh 35 lbs. They are placed in a 
tube of hard vulcanite 26 m.m. thick at the ends, and 12 
m.m. thick at the middle : along this tube 150 thin discs of 
vulcanite are fixed at equal intervals, and the ends are 
covered with thick discs of the same material. Each sub- 
division between the little discs is filled with a coil of fine 
silk-covered and varnished copper wire 0-14 m.m. diameter : 
these coils are connected in series, so that the current flows 
from the outside to the inside of one compartment and from 
the inside to the OJtside of the next, in order that no two 
portions of wire at greatly differing potentials may ever be 
in close proximity. The length of the secondary coil is 
10,755 mfetres, and it makes 299,198 turns round the 
cylinder. The weight of the copper wire is 58 lbs. and its 
resistance about 155,000 ohms. 

There is some difficulty in arranging a good nnake and 
break piece acted upon by the hammer on account of the 
laige sparks which pass between the contacts tending to 
fuse them together and oxidise them. Messrs, Siemens 
make contact between a .platinum point and a platinum oi' 
silver amalgam covered with alcohol. 

When long sparks are wanted, the make and break appa- 
ratus is driven slowly, by clockwork or by a separate 
U 
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electro-magnetic engine, so as to give a long co ta t h h 
is then suddenly broken. The above aj paratus will ^ ve 
sparks of from one to two feet in length v th s x large 
Grove's elements in the primary circuit 50 m les of fine 
wire have been used in some induction co h 

5 11. A Ley den jar or some other form of con len? r s 
frequently attached to the secondary circu t hen th s is 
ased to give sparks. The one armature of he co de se is 
connected with one end of the secondary wire and the 
other armature with the otlier end of the same wire, near the 
opposed points across which the spark is to pass ; the effect 
of this arrangement is that a considerable accumulation of 
electricity takes place near the points before the difference 
of potential is sufficient to cause the spark to pass, and con- 
sequendy the number of sparks observed in a given time is 
less with the condenser than without, but each spark con- 
veys more electricity and is much more brilliant. An electro- 
m.otive force in the coil insufficient to cause any spark to 
pass may nevertheless help to charge the armatures of the 
condenser, and thus some portions of the inductive action 
may be utilised with the condenser which without it would 
be wasted. The dielectric must be thick and strong, or it 
will be pierced by the spark. 

A condenser is also frequently employed, connected with 
the primary circuit. 

§ 12. The Inductorium may be used to give the sparks 
required for examination by the spectroscope or to give an 
electric light, which is, however, comparaUvely feeble. It may 
be used to charge Leyden jars and produce physiological 
effects ; it may be used to produce the beautiful luminous 
effects which occur when electricity is passed through 
rarefied gases. The gases are enclosed in glass tubes having 
platinum electrodes soldered into the glass and terminating 
in balls at a considerable distance apart : instead of the 
spark observed in air, a diffused light is seen differently 
coloured in various gases and beautifully stratified. These 
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appearances have been carefuUy studied by Gassiot, Pliicker, 
and olhers. The tubes enclosing the gases may be bene 
into very complicated siiapes, and filled in different parts 
with different gases, so as to produce a striking and pretty 
appearance when the current from the inductorium passes : 
they are generally called Geissler tubes. The induction of a 
magnet, or of a current of electricity, or of a simple conductor 
outside the tubes, can be observed on the luminous current 
within, causing it to be distorted or move in those directions 
in which the inductive force would act on a solid wire con- 
ducting a similar current : for this experiment the tube must 
be wide or nearly spherical, so that the 1 
occupies only a portion of the enclosed space. 



CHAPTER XXr. 

■MAGNETIC 

§ I. Tke most elementary arrangements by which electricity 
can be made to produce regular motion by electro-magnetic 
force are those in which a short wire or rod conveying a 
curreni is made to rotate by the direct and continuous 
electro-magnetic attraction to or repulsion from some fixed 
conductor conveying the ^me or another current. 

Let O P, Fig. 142, be a wire capable of rotation round o, 



ttt: 




and conveying a current from the centre to the circumference 
of a ring-shaped trough of mercury into whii:h the end 
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of the wire p dips. Let the same current or another be 
conveyed in a straight wire a b near the edge of the 
mercury ring. Then the wire o p will be attracted by 
A E until p reaches the position p,, Chap III. § 6 ; the wire 
will then be repelled till it reaches the position P|,|,when it 
will be agaui attracted, and thus continuous rotation may 
be produced in the direction shown by the arrow, if tlie 
other portions of the circuit are arranged so as not to neu- 
tralise the series of actions described. The force available 
even with very powerful currents is small. 

Again, let the fixed current flow in the circle a b as shown 
by the arrow, Fig. 143 ; the moveable wire p in which a 
current flows from the centre to the circumference will be con- 
tinuotisly impelled to rotate in a direction opposed to that of 
the fixed current. The force will be very small, but we may 
multiply it by using a coil of many turns for the conductor 
A B. No convenient way has yet been found of multiply- 
ing the conductor o p, and the power given out by this 
arrangement is therefore still very small. 

A horizontal circular current also tends to produce con- 
tinuous rotation in a vertical current approaching it or receding 
from it. Thus let a moveable system p M p,. Fig, 144, be 




placed in the ce ot a fi d ng ^a 

rurrent flows as 1 n by 1 e arrow L 1 e ds P nd 

p. dip in a mere j tro gl b) 1 h the th o h 

Coo . k 
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o p and o Pi may be maintained ; both vertical currents de- 
scending to P and Pi are acted upon in one direction by the 
fixed current, and tend to turn p m p, in a direction opposed 
to that of the current in a b, 

§ 2. Currents can be made to rotate by magnets, and 
magnets by currents, under the influeice of continuous 
electro-magnetic attraction and rcf ulsion Let a magnet n 5, 
Fig- t45i be weighted so as to floit uprij,! tin a vessel filled 




with mercur) and 1 t d e 1 per e d of the magnet cany a 
little capsule ot n ercuT) serving to connect the roagnet 
with one pole of a galva c batter by the point z, and 
yet leave it free to ro ite , the nagnet bhonld be well var- 
nished, except at its lower end. Let the other pole of the 
battery be brought to the mercury near the magnet by a 
wire C ; the magnet will rotate so long as the circuit is 
complete. The cause will be obvious if we consider the 
magnet to be a kind of solenoid, for then a force will act 
between each ring of the solenoid and the current going 
froni tlie centre to tiie circumference, as in the second ex- 
periment of the last §. The force in this case will cause 
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the ring (the solenoid or magnet) to rotate, tlie currem 
flowing from centre to ciraimference being fixed. 

If the magnet be fixed and a little wire frame similar to 
that in Fig. 144 be pivoted upon it with the two vertical ends 
p dipping into the mercury near the rnagnet, the frame will 
be caused to rotate by the magnet This is explained by the 
third experiment of § 1, if we look upon the magnet as a 
solenoid. 

§ 3. The power to be obtained from the above arrange- 
ments of magnets and currents is so small that they cannot 
be employed to drive any other apparatus, and cannot 
therefore be termed electromotors. Uy alternately mag- 
netizing and demagnetizing electromagnets we can construct 
electromotors giving out as mechanical effect a considerable 
fraction of the wjiole energy of the electric current. The 
simplest electromotor is Froment's rotating engine. This 
consists of one or more horse-shoe electromagnets, a a,, 
fixed as in Fig. 146, radially outside the periphery of a 
dram, M, capable of rotation. On the periphery of this 
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forward. The circuit is interrupted, and the magnet there- 
fore unmade, just as the armature passes the poles ; the drum 
continues its rotation by inertia or by the action of another 
electromagnet, until a second armature approaches the poles 
of the first electromagnet, when the circuit is made as 
before. The make and break pieces and successive elec- 
tromagnets are so arranged that the current is not cut off 
from one circuit till it can flow through the next This has 
the double advantage of tending to produce uniformity in 
the driving action and of preventing the passage of sparks 
when the contacts are made and broken. These sparks 
tend to burn the contacts, and gradually to prevent them 
from closing the circuit. 

Another form of electromotor is constructed, resembling 
the ordinary beam steam engine ; the piston is represented 
by a magnet which is alternately sucked into a hollow coil, 
and repelled as the current in the coil is reversed ; sometimes 
a soft iron piston is used, which is alternately attracted and 
set free. 

§ 4. Much more attention would be directed to electro- 
motors than they have hitherto received were it not for the 
fact that they are necessarily at least fifty times more ex- 
pensive to maintain in action than the ordinary steam 
engine. Zinc is the cheapest material by the consumption 
of which electricity is produced. The energy evolved by the 
consumption of one grain of zinc is only about y'ijth of 
that developed by the consumption of a grain of coal. 
A large fraction of the enei^y in the case of the zinc can be 
converted into an electric current, whereas we have not 
yet discovered any means of obtaining the eneigy of coal 
except as heat, and we necessarily waste a great part of this 
heat in the process of transforming it into mechanical energy. 
In the transformation of energy into mechanical effect the 
advantage lies with electricity. The whole of tlie ener£!y 
either of heat or of an electric current can never be 
transmuted into mechanical effect. In the best steam 
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engines not one quarter of the heat is so transformed ; more 
frequently about a tenth is so used. It is probable tliat 
larger fractions thao these of the total energy could be 
transformed by an electromotor into mechanical effect ; but 
ihis advantage, even if realised, cannot nearly counter- 
balance the disadvantage entailed by the cost of zinc, 
which is 20-fold that of coal weight for weight, and 200- 
fold that of coal for equal quantities of potential energy. 
In estimating as above that the zinc motor may be only 50 
times as dear as the coal motor, I assume that the electro- 
magnetic engine may be four times as efficient as the hent 
engine in transforming potential into actual energy. 



CHAPTER XXII. 

TELEGRAPHIC 



The instruments used in telegraphy may be divided 

' two great classes - — I. Those which transmit signals 

t by signs of a purely conventiona! 

I T hich transmit signals shown or re- 

rv printed alphabet. 

fi h apparatus is simpler, because the 

b g h alphabet are chosen with reference 

d ca m asily produced by electricity in a 

ph u T e advantages of the second class 

ru n at the chances of error which 

fr m tr tion of telegraphic symbols into 

ry wn e oided, and that no special training 

e messages as they are received. 

be ] to a special kind of work. For 

% b m of the country, carried on by a 

ff h fir^J as is almost wholly employed, and will 

1 h p -eminence. For private telegraphs 

I p ons, and for large stations where 

. be employed, 
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(he second class of instruments, which show messages in letters 
or priht them in type, will probably also continue to be 
employed. 

Both classes may be subdivided into those instruments in 
which a galvanic battery generates the current, and those 
in which the current is induced by a magneto-electric 
arrangement. 

§ 2. A telegraphic circuit, when a battery is used, consists 
of (1) an insulated wire connecting the transmitting and 
rece g stations, (2) the wire of the receiving apparatus at 
tl e s It on where the message is to arrive, (3) the earth, 
1 ch conveys the received current back to the sending 
Stat on (4) the sending battery, or other rheomotor,* which 
s alternately allowed to transmit its current into the line, and 

uhted from that line by the manipulator who works th" 



The sending apparatus is commonly some c 
making or breaking the connection bctiveen the battery and 
the line ; so that when the circuit is completed, its resistance 
is the sum of the resistances of the battery, the line, the 
wire in the receiving apparatus, and tlie tract of earth con- 
necting the two stations. When a magneto-electric sender is 
used iiistead of a galvanic battery, the resistance of its coils 
takes the place of the resistance of the battery. In land lines 
thedistinctnessofthesignals depends, other thingsbeingequal, 
on the strength and uniformity of the currents transmitted ; 
and in order to save the expense of employing batteries or 
magneto-eiectric arrangements of great electromotive force, 
it is desirable to keep the resistance of all the parts low. 
Thus, the thicker the wire the better will be tlie signalling 
mth all classes of instruments ; but the size of the wire is 
of much greater importance on long lines than on short 
ones. The larger the plates of the battery the better, but 
on long lines the resistance of tliis part of the circuit sinks 

* Rheomotor is the name given by Professor Wheatstone to any 
apparatH5 wliieh can geiiciate an electric citireiit. 
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into insignificance in comparison with that of the line. The 
less the resistance of the receiving apparatus the better ; but 
tliis also forms a small percentage of the whole resistance 
on long lines. The resistance of the earth between most 
stations is insensible if care be taken to make the two con- 
nexions with earth at the two stations by large plates 
_biiried in damp earth. Occasionally, however, it may be 
necessary to take a wire a long way from the signalling 
station before a suitable spot for a good earth connexion 
can be found. Signals are sometimes stopped altogether 
by a failure in the earth connexion. 

Class I. 

§ 3. All signals are made by the alternate transmission 
and interruption of currents, and these currents may be either 
positive or negative ; that is to say, they may be sent from the 
copper or zmc pole of the battery into the line, the other 
pole of the battery being necessarily put to earth at the 
same time. The following are the elements out of which 
every telegraphic alphabet must be compounded in Class I. 

1°. The relative length or duration of the currents sent. 

2°. The relative strength of the currents. 
These strengths may range from zero upwards through all 
strengths of positive current, and from zero downwards 
through ail strengths of negative current. 

The simplest symbols are those which record merely two 
lengths, one long and one short ; and those which record 
merely two strengths, one positive and one negative. The 
Morse alphabet is the standard example of the former class, 
and the single needle alphabet the standard example of the 
second class. 

§ 4. Morse signals are sent by a simple key, which the 
operator depresses when he wishes to send a current, and 
raises when he wishes to interrupt it. Fig. 147 shows a 
common form. The insulating parts are generally made 
of dry wood, the resistance of which is amply sufficient. 



bv Google 



CiiAp. XXII.] Telegraphic Apparatus. 299 

A short depression or mere tap sends the sliort e)t; 
raentary signal technically called a dot ; a longer depression 
sends the second elementary signal teclinically called a 
dash. The Morse alphabet is formed bya combination of dots 
and dashes, separated by equal intervals. The letters are 




separated by longer pauses, and words by still longer intervals. 
The following table gives the Morse alphabet.* The short 
lines are dots, the long lines dashes. 



II 

I -. 

™lstop(.) 

Colon ( t ) 

Semi-colon ( ;) — -- 

Comma(,) 

Note of ivHerroga- \ 



_ Cli 

NQleofadmi-1 

ration (!) S 

Hj^hen {-) ■ — . . . . . — 

Apostrophe ( ■ ) 

Parenthesis ( — - — — 
Inverlri 1 

Co.™,, (" ") J- - ■ 
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<:;all signal 

Undersland message - - 

Repeat message - - 

Correction or rab oat ..----... 
End of message . — . ■ — . -~ . 

Wait 

Cleared out and all right - — - - ^ — - - — - 
Begin, anodier line - — ■ — - - 

The positive and negative alphabet may be exactly similar 
to the above ; the dash, or long signal, being replaced by a 
mark on the right side of the paper, or by the motion of some 
index to the right, and the dot by a mark on the left side, 
( r a motion to the left. 

§5. Ink marks similar to those printed above are made 
on a long strip of paper at the receiving end of a line, by the 
device shown in Fig. 148. 




Let M represent the Morse sendmg key ; l the msulated 
line, reaching fiom the sending station to the leceivin;; 
station, where the conductor is connected to one end of 
the wire of an electro-magnet r, the other end of that wire 
being directly connected with e, the earth. Let a be a soft 
iron armattire hinged at a, and having a narrow roller h con- 
tinually revol\'ing in an ink trough E. Let the strip of paper 
p be continually moving in the direction of theanows. Then 
when M is depressed, making contact at m with one pole of 
a battery c z, the other pole of which is to earth, a current 
ivill .flow through the whole circuit and make the core of r 
magnetic. The end a of the armature will be depressed, the 
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little roller pressed against the paper, and a black mark 
made, the length of which will depend on the rate at which 
the paper is moved, and the time during which m remains 
depressed. On raising the handle m so that the contact is 
now made at 0, the current will cease to flow ; the core of r 
will 16se its magnetism : a will rise, pulled up by a little 
spring, and the ink mark will cease on the paper. Thus 
a short depression of m will make a short mark or dot ; 
a long depression of m will make a long mark or dash. The 
handle 11 is in the diagram shown in a neutral position, 
making contact neither at o nor at m ; in practice it is never 
in this position, but makes contact at when not depressed 
by hand. 

Fig. 149 shows a complete Morse ink writer as made by 
Messrs. Siemens Brothers. The following is a description 
of the instrument almost in their own words ; — e is the 
electro-magnet, through which the received current passes. 
X is a handle by which the clockwork is wound up. 

The clockwork placed inside the instrument turns a small 
milled roller w, and the printing disc d. The friction roller 
W| is pressed, by means of a spring v, upon w, and turns 
with it. 

The disc of telegrajih paper s is placed upon the horizontal 
wheel p, which turns on a hardened pivot a. ' Horizontal 
wheels for paper were first introduced by Mr. Stroh, and 
are much superior to vertical wheels. The end of the strip 
of paper is led round the roller s', turning on a vertical 
asis, thence under the roller s", over the roller J, and under 
the small steel roller /, where it is struck by the printing 
disc D, on the armature e being attracted by the electro- 
magnet E. From the small roller / the strip of paper passes 
between the friction rollers w and w„ which, when they re- 
volve, draw the paper forward in the direction of the arrows. 

The roller w, can be lifted by the small handle x ; and it 
will be found convenient to lift it in this manner when in- 
troducing tlie paper between the friction rollers w and w,. 
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A A is a brass vessel for holding a supply of printing-ink, 
the opening to which for putting in the ink is suppHcd with 
a cover c to prevent dust from getting into it; the vessel 
terminates in an open ciip or trough b h, in which the print- 
ting disc D revolves. The vessel a a is fastened to the side 
of the apparatus by msans of a screw with a milled head c, 
so that it can be easily removed for refilling or cleaning. 
The spindle on which the printing disco is fastened revolves 
in an eye at the end of the continuation h of the printing 
lever h h. The spindle is made to revolve by being joined, 
at the end furthest from the printing disc, by a species of 
universal joint, to the end of a short spindle carrying a cog- 
wheel in gear with the clockwork. The printing disc is thus 
kept revolving, although free to follow the motions of tbf 
printing lever. 

Should it be wished to stop the clockwork of the instru- 
ment, the handle q must be pushed to the right, by which 
the spring y" is pressed against the small metal collar^ of 
the regulator t. The release of the clockwork is effected by 
moving the handle q in the opposite direction. 

The cores of the electro-magnet are of soft iron, united 
by a cross-bar and surrounded by the wire coils. The 
lever h h m.oving between the points z and 3 of the 
screws m and m^, carries on one arm an armature of iron e, 
and at the other end the continuation h, in an eye at the 
end of which revolves the end of the spindle which carries 
the printing disc D. 

The contact screws m and w/) limit the play of the print- 
ing lever H H. In order to draw the lever back to its normal 
position as soon as a current has ceased, a spring k is pro- 
vided, the degree of tension of which can be regulated by 
means of the nut 0. Anothci adjustment has been adopted, 
in addition to the above, by which the electro-magnet E has 
been made moveable, and can be raised or lowered by 
means of the milled headed screw «, thereby increasing or 
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; the clistance between the cores of the magnets 
and the armature r? of the printing lever h h. 

When the circuit, Fig. 148, is closed at m a current from the 
copper of the distant battery, afier traversing the Une, enters 
the printing instrument r, passes througii the coils e of the 
electro-magnet. Fig. 149, and leaving the instrument returns 
through the earth to the zinc of the distant battery. As 
long as the current lasts, the iron cores are converted into 
magnets, the free ends of wliicli will attract the armature 
e and th ^ p g The con- 
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chemical telegraph, Fig. 150, the electro-magnet r is wholly 
dispensed with. The depression of m seiidsapositivecurrent 



1 



y^ 



^ 



1.. 



through R c ind l ml then at the receiving station 
through \ steel style c preiismg on a bind of paper/, 
which has been soaked in a mixture of equal parts ot situ- 
rated solutions of ferroLymide of potassium ind mtrate of 
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ammonia. The current next flows to r and through m to 
earth, the handle of m being raised. The diagram shows 
the connections so arranged that all signals can be sent from 
either end. At the receiving station the keys m or ot make 
contact at o or 0. Prussian blue is deposited so long as the 
current passes through the paper, and thus the long and 
short signals are recorded by short or long blue marks. 
Tliere should be a slight excess of carbonate of ammonia in 
the solution of nitrate. 

Sometimes the Morse signals are indicated to the ear or 
eye without being recorded. Thus, even if the paper at p. 
Fig. 148, be removed, the mere sound of the armature as it 
rises and falls is intelligible to the ear of a skilled operator. 
The sounder, as it is called, is coming into extensive use and 
consists of a Morse receiver without clockwork or paper or 
inking roller. The sound is produced by the tapping of the 
lever H, Fig. 149, against the stops m and ot,. The mere de- 
flection of a galvanometer needle, included in the circuit at 
R, will be equally intelligible to the eye. It is only necessary 
to make the needle light and confine its. lotion within narrow 
limits, so that each current in passing produces a single well- 
marked depression lasting for a longer or shorter time, and 
not a series of unchecked oscillations. 

§ 6. The simplest form of receiving instrument for po.si- 
tive and negative signals is a little galvanoscope, the inde.'( 
of which can deflect only a short distance to right or left of 
Its zero, being checked by stops. The inside of one of 
these instruments is shown in Fig. 151. I I are the coils 
fastened to the back of a little door which opens to allow the 
works to be got at ; a is a support in which one pivotofthe 
needle works ; n p are the keys used in sending j the needle 
s N and pointer rt^ are shown in Fig, 153. The key by which 
tlie positive and negative signals are sent from one and the 
same battery is better shown in Fig. 153. l and e are two 
springs connected respectively with the line and ivith eaith. 
They, when untouched by the hand, press against the uppei- 
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bar c, ivliich is crinnected with the copper pole of a liattery. 
Either spring can be depressed by the finger so as to come 
in contact with the bar z, which is connectetl with the zinc 
pole of the battery. If l is depressed, a negative current 
flows into the line ; if E is depressed, a positive cunent flows 
into the hne The f,ahanoscope -it tl e other end is so Lon 
nected ti at the depression of tlie left I and key causes a de 
flcLtion tc the left \ depression of the nght 1 md key a 
deflect 1 to the nght The form of galvanoscope use I s 




called tlie single needle instrument, and the alphabet the single 
needle code. The Morse code given above is often used, 
a dot being a deflection to the right and a dash a deflection 
to the left 

Sir Charles Bright introduced the bell iiutrument as a 
substitute for the single needle. His instrument contains 
two bells struck by the depression of the armatures of two 
electro-magnets, one working each bell. Each electro-magnel 
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was worked by its own relay ; one of the relays worked 
when a positive current was received, and the other when 
the received current was negative. This instrument is falling 
into disLise. 

§ 7, The connections shown above are most suitable for 
comparatively short lines. On longer lines more complex 
arrangements are generally adopted, involving the use of 
relays. The Relay is an instrument which retransmits the 
original signal from a fresh battery : it may be used either 
to send this signal to a distance along a second section 
of line, or simply to send a strong current from a local 



H—- 



batter) through the recenmg mstnm ent The current 
received from a distance la often so diminished by leak- 
age that It IS insuliicient to work the electro magnet which 
marks the paper, or to give legible or audible signals, 
and vet it may be sutficiently strong to move an armature 
with sutticient force alternate!) to make and break an 
electric contact and thus indirectly to work the receiv- 
ing or recording instrument F14 154 shows the con- 
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nection for a Morse system with relays at each end, worked 
by single currents. 

Corresponding parts at the two stations are indicated by 
the same letters, capitals being used for one station and 
italics for the other, e is the relay, and c z the sending 
battery; Rj is the Morse instrument, and Ci z, the local 
battery used to work it. The depression of the key tn 
making contact at o sends a positive current through the 
line 1. to M, and through the contact p to the electro-magnet 
R of the relay and thence to earth. The electro-magnet r 
attracts the armature of the relay, making contact at n and 




thus sending a positive current through r,, the electro-magnet 
of the recording instrument. 

Obviously Rj might be at a station too miles from e, in 
which case L, would be the second line, and the portion 
of the circuit from z, to Rj the earth. 

Relays are constructed so that a very slight difference in 
the strength of a current determines whether the moveable 
tongue or armature makes contact at n, or rests against 
an insulated stop. Care is also taken to provide such adjust- 
ments that the tongue may be made to move with any desired 
strength of current ; thus the relay may be set so that with zero 
strength the tongue rests on the stop and makes contact when 
tlie current reaches the strength unity, or it may be set so that 
it rests against the stop when the current has a strength too, 
and makes contact wjien the current has a strength loi. 
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Relays are also often made so that the tongue moves only 
with a current of one sign, remaining unaffected by a current 
of the opposite sign ; the core of the electro-magnet may in 
this case be a hard steel magnet, the polarity of which is 
never reversed by the currents received. Other relays 
are made so that when the tongue has once been de- 
flected to make contact, it will not return until a reverse 
current has been sent through it. The best known form of 
this species is the polarized relay made by Messrs. Siemens, 
and shown in Fig. r55. s is tlie ^^^ 

south pole of a hard steel magnet, 
the north pole of which is bifur- 
cated and ends in the two pieces 
n «„ between which the tongue a 
of the relay oscillates, pivoted at 
D. The coils are wound round the 
two north branches of the magnet 
in opposite dhections, so tliat a ' 
current in one direction tends 
to make n, north and n south, 
while the reverse current would 
make «, south and n north. The tongue n, made of soft 
iron, becomes a south pole by contact with s s. 

Relays can be arranged so as to send positive and 
negative currents corresponding to positive and negative 
currents received. 

The Morse ink-writer can easily be arranged so as to act 
like a relay, the armature being employed to make the 
necessary contacts instead of to mark paper. With instru- 
ments of this class Messrs. Siemens, on the Indo-European 
line, work from London to Teheran, a distance of 3,800 
miles, without any retransmission by hand. There are five 
relay stations in this circuit. 

§ 8. In ordinary Morse signals and in all others where only 
one current is absolutely required, there is nevertheless 
some advantage in using the negative current to draw back 
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ilie armature and so terminate each signal. Tliis system 
ivas introduced by Mr. Varley. It considerably simplifies 
the adjustment of the relays and has other advantages. 
^Vliere "these reverse currents are not used, tlie relay tongue 
must be pulled back by a spring or by magnetic attraction, 
and their adjustments require to be continually altered. 
This spring requires continual adjustment to suit the strength 
of the received current, which varies much during each day 
as the insulation of the line varies. With a polarized relay 
and reverse currents, no such adjustment is required, be- 
cause the positive and negative currents decrease simul- 
taneously; and if there were no earth atrrents, a good 
polarized relay once set for reverse currents would never 
require to be touched ; praclttally, all relays require adjust- 
ment from time to time. Earth currents are currents 
flowing along the line, not sent by the batteries, but de- 
pending either on a difference of potential behveen the 
earth at the two stations or on induction from passing clouds. 
Currents often tlow for hours in one direction through tJie 
lines, and the signalling currents are superposed on these 
earth currents ; the relays then have to be set, so that when 
no signal currents are passing the armature is attracted more 
strongly by one armature than by the other, and the amount 
of this bias must be regulated as the earth currents vary. 

§ 9. With the connections as shown in Fig. 154, although 
no current is sent direct from tlie battery through the Jiome 
relay circuit, every signal sent r.ausesthe relay at the sending 
station to work, if the line is long and well insulated, or 
if it includes many miles of underground or submarine wires. 
This action is due to the statical charge which accumulates 
on the line l. When contact is made by the key m at o. 
the line l becomes statically charged. When contact is 
broken at 0, and made at p, part of this statical charge flows 
to earth through the relay R, the other portion flowing on 
through t)ie distant relay r; thus the key m as it makes and 
breaks contact causes intermittent currents to flow through 
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the home relay which will work the local Morse instnimeiitR,. 
This action is not only unnecessary, but is detrimental, 
because the currents returned in this way are often so 
stro g Ihp dmgmf 

rela) 1 h h q d I I- & 

to fmhd dm hlcal 

bat ry p b h ! 

not q d Tl p II) g h 



whi h p 



d gk y 



hon 1 ts 1 J i ^ 1 

and k. p 1 by 1 m m f y 1 

time after the key m has broken contact at o and made con- 
tact at p. With this arrangement the distant station can at 
will interrupt the sender. 

§ 10. The following points must be attended to in the 
construction of telegraphic apparatus : — 

The core of the electro-magnet should be arranged sn that 
its magnetism changes rapidly at the commencement 
or cessation of a current ; otherwise rapidly alternat- 
ing changes produced by rapid signals will not be regis- 
tered by the armature. With this object, if soft iron is 
used, the mass should not be great ; the core should be 
hollow, and split longitudinally; and the iron should be 
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carefjiiv selected with as little coercive force as possible. 
The highly magnetized cores of polarized relays gain and 
lose . the small increments of magnetism due to feeble 
currents with less delay due to coercive force than is ex- 
perienced with soft iron. The coercive force in the arma- 
tures is another source of delay in rapidly alternating 
signals. These armatures should, therefore, be made 
light, and must not pass through very ditferent states of 
magnetization. If allowed, for instance, actually to touch the 
core of the electro-magnet, they become so highly mag- 
netized that when the electro-magnet is weakened by the 
cessation of the current, they often adhere to the core under 
the influence of residual magnetism, requiring a very strong 
spring to pull tliem back, and consequently a very powerful 
current to pull them against the spring to die electro- magnet. 
The most dehcate relay is that in which, other things 
being equal, the armature moves in a nearly constant 
magnetic field, which is alternately weakened and strength- 
ened by the received current. The alteration produced in 
die magnetic field of the electro-magnet by the passage of a 
current should, however, be the greatest which that current 
can produce, and this condition requires that the iron or 
steel core should not be very small ; moreover, some little 
pressure must be exerted at the contacts, or the tongue of 
the relay will be made to tremble by the mere passage of the 
local current, which exercises a repulsion on itself ; to obtain 
the necessary force, the armature must have considerable 
bulk: these two last conditions are antagonistic to those first 
mentioned, and experiment alone can determine the best 
proportions. The form of the electro-magnet should be 
such as to give the strongest and most uniform field possible 
with a given intensity of magnetization. This condition is 
entirely violated in the common relay or ink-writer, where 
the armature stretches across the poles of an ordinary horse- 
shoe magnet. It is much more nearly complied with in the 
Siemens polarized relay described above, The form of 
the iron or sleel core and the distribution of the core on the 
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magnet should be such as to give the maximum intensity of 
magnetization per cubic centimfetre of core consistent with a 
given current passing through a given lengtli of wire. This 
condition is probably very imperfectly fulfilled by any 
relay yet constiucted. 

The mass of the armature should be so distributed that its 
moment of inertia may be the smallest that is consistent 
with the necessary weight of the armature and position of 
the pivots ; any increase in the moment of inertia pro- 
duces a proportional dimnution m the anguUr velocity 
with which the tongue wiH mo\e under a given lorce and 
the rate at which a relay will work depends on this anguhr 
velocity. If the moment of mertia be doubled the force 
remaining the same, the angular \elocity acquired in a 
given time will be hilved an 1 the ang e traversed in that 
time will be hahed but to inverse the same angle 1 e to 
pass from one contact to the otiier will not require double 
the time, but 01 ly i 414 times the time requirei by the 
lighter armature, because 1-414= ^/2. The moment of 
inertia is the sum of the products of the weight of each 
particle into the square of its distance from the pivot round 
which the mass rotates ; it is therefore not only desirable, 
when rapid motion is to be produced by a weak force, that 
the weight should be small, but also that it should be near 
the pivots. 

No harm is done, however, by putting the pivots fer from 
the points of contact, because we thereby diminish the angle 
through which the armature has to move between the 
contacts ; so that if we halve the angle and double the 
moment of inertia, the one change exactly compensates the 
other. 

The whe on the electro-magnet (or in thecoilofthe s ngle 
needle instrument) should have a moderate lesistance re- 
latively to that of the whole circuit : ' thus on short 1 les a 

' Oue authority sajs ^ of the resistance of tie 1 ol c cu ; this 
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thick, short ivire should be used for the electro-1 magnet ; but 
on long lines, relays with long, thin wires are required. The 
reason for this is the same as that for using gaJvanon-eters 
with long coils to test insulation, and galvanometers with 
short coils to observe currents in circuits otherwise of small 
resistance. The common single needle instruments have a 
resistance of about 200 ohms, the coil being made of No. 35 
wire. 

The direct ink-writer used for short lines may be coiled 
with No. 35 wire {o'oo5 inch diameter), and have a 
resistance of about 500 ohms. 

The electromagnets in local instruments (no hue wire on 
circuit) are made with wires of from 'ozz inch to 0-012 
inch diameter (Nos. 24 to 30), 

A Siemens polarised relay may be made with No. +0 
copper wire, and have a resistance of 500 to 700 ohms. 
These relays sometimes have a resistance of 3,500 ohms. 

AU contacts must be made by platinum points, platinum 
being the only meta! which is not oxidized or dirtied by the 
passage of the litde spark which accompanies the making 
and breaking of the circuit. This spark wears out even the 
platinum contact pieces in time : it may be avoided by 
connecting permanently the two contact pieces through a 
resistance so lai^e that the current passing when contact is 
broken is small enough not to be injurious. The same 
object is gained by placing a small condenser between the 
contact pieces, each contact piece being connected with one 
of the two armatures, 

§ 11. In place of a voltaic battery, a magneto- electric 
arrangement may be employed to send currents. Thus a 
Siemens armature worked by hand may be employed to send 
Morse signals, the motions of the hand being similar to those 
required for the Morse key. The depression of a handle 
moves the armature in one direction, and sends, say, a posi- 
tive current, which by a polarized relay causes an ink-writer 
to begin marking die paper. So long as the armature 
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and handle remain depressed the ink-writer continues to 
mark, though no current is flowing through the relay, the 
tongue of which is held over by the permanent magnetism 
of its magnet; when the handle is raised and the armature 
moved back to its original position, another short current is 
sent in the opposite direction to the first. This second 
current throws back the tongue of the relay, and the ink- 
writer ceases to mark. The current produced is the equi- 
valent of the power employed to work the armature ; 

n d ble force must therefore be exerted to send a 

rr able for a long circuit. Other magneto-electric 

rr g n ts are used to send -f and — signals for the 

trl n die receiver The mduced currents are of lery 
h d on and hence although the e m f which pro 
d th m may easilj be made m ch greater than thit cf 
1 b s usually employed fi sgnal jet the aclml 

q n y of electricity trmsmitted for each signal is geneially 
n h 1 han is sent by a battery 

O I g line the received current is longer in duration 
han he nt current, and proportionately feebler On a 
h rt he received current and that sent ire both '•o 

h rt h even when strong they ma\ fail to mo\e -in 
ar hich mould work freely with a tetbler cuiTent 

pi d for a longer time The e m f produced b\ tl e 
m g 1 ctric arrangement is so great near the sending 

h the leakage is much greater m proportion to 
h h 1 quantity of electricity sent than nhen a batterj is 
used. This would not be the case if the resistance ot thf, 
faults where electriciH escapes followed Ohm's law, but the 
resistance of faults seldom follows Ohm's law. More es- 
pecially surface conduct on tthch s the chief cause of leak- 
age on land lines, alio vs n cl more than double the current 
to pass when the e. m r s do bled On undeiground or 
submarine lines the h gh pote tial produced for a short 
time by the magneto-electric sender tends to send minute 
spaiks through the insulating material, and so to cause faults. 
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Magneto-electric senders, owing to the above causca, are 
not much used on long or important lines. 

§ 12. The simple Morse or + and — key can be worked 
at the rate of from twenty-five to thirty-five words per minute 
by a skilled operator. Receiving instruments can, however, 
record even more than loo words per minute (of five letters 
each). Automatic transmitters have therefore been adopted 
in which the messages are prepared by several operators, 
being represented by punched paper or metal types, and 
these types or paper strips passing through the transmitter 
determine the required succession of currents. Sir Charles 
Wheatstone's automatic transmitter is the most successful 
yet used. In this iiistmment the messages are represented 
by three rows of holes in a strip of paper. For -|- and — 
signals a hole on the right-hand side represents a-|- signal or 
dot, a hole on the left-hand side a — signal or dash. Uni- 
formly spaced central holes serve to move the paper on at a 
constant speed. The right and left-hand holes determine the 
contacts made and signals sent very much as the cards in a 
Jacquard loom determine the pattern in woven stuff. The 
contacts are determined by the position of t-vo little plungers, 
which are either kept down by the unpunched paper or come 
up through the holes. Whenever a plunger rises through a hole 
a current is sent into the line ; a + current when the hole 
is on the right side ; a — current when the hole is on the 
left side. The contacts are pressure contacts, with a slight 
slip at the moment of making contact, which are superior to 
any contact in which the surfaces merely slide one on the 
other. By a somewhat more complex arrangement of 
similar character, the long and short Morse signals are 
sent. A full description of this instrument is given in the 
Fifth Edition of Mr. R. S. Culle/s Hand-book of Prac- 
tical Telegraphy. 
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Class II. 

§ 13. The elementary signals used in those telegraphic 
systems which show or print letters are produced, as in 
Class I., by the alternate transmission or interruption of 
currents, sometimes all of one sign, and sometimes both 
positive and negative ; but tlicfe tran Emission ^> and interrup- 
tions are not themselves the subject of direct observation or 
record : they are used to work the escapement of clockwork 
in what may be tenned ' step by step ' instruments, or to 
connect synchronous actions in the sending and receiving in- 
struments, which are driven with similar motions at the two 
ends of the line. 

The 'step by step' instmments sometimes pnnt the 
messages, but more frequently show the required letters in 
succession on a dial. The synchronous instruments all 
print the letters, but they effect this bv various distinct in- 
ventions, the more striking of which are Hughes s Caselli's, 
and Bonelli's. 

All ' step by step ' instruments are very much alike. A 
ratchet wheel on an axis bearing the pointer is worked by a 
propelment which, as each current passes, mms the ratchet 
through a segment of a circle corresponding to one tooth or 
half a tooth of the ratchet. Fig. 156 shows a form now made 
by Messrs. Siemens Brothers, and very similar to that fir.st 
introduced by Sir Charles Wheatstone : n j are two poles of 
a polarized electro-magnet, similar to that used in their relay 
(§ 10 above). The soft iron tongue Tworks between these, 
pivoted at t, being attracted to s by one current, and to n by 
the reverse current The tongue t carries at its other extremity 
one end of the axis of the ratchet wheel d, having thirteen 
teeth ; the other end of the axis is 00 a fixed bearing, and 
carries the pointer. The play of-T is limited by two stops, 
q, f,, and the rotation of the ratchet is determined by 
two stops/,/,, and four springs, A, A„ ^j, //j, two of which, ^ 
and /;,. have a catch at their end, adapted to hold the 
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ratchet. The tongue t is shown drawn towards « j the ratchet 
is locked by the spring ^, so that it cannot turrito the right 
neither can it turn to the left, because it is locked by the stop 
p. The position of the pointer is therefore perfectly definite. 




The next current received will attract T to s , the spnng k 
wiU turn the ratchet V^ of a revolution, and it will then be 
locked by the spring ^i and the stop/,; the following current 
will turn the ratchet an equal distance by moving it towards 
«, and thus each alt^Tiate current will carry the pointer 
forward by 3V* of a revolution over the dial, on which there 
are twenty-five letters and one blank. 

These thirteen positive and thirteen negative currents will 
cause the index to make one complete revolution. Let us 
assume that the index is at the letter a, then one current will 
move the index to the letter e, three currents more will move 
it to E, and seven currents will send it to l ; by sending the 
right number of currents and then pausing for an instant, the 
index will be made to travel from letter to letter, and to pause 
It each letter required to be read. The index may be driven 
by clockwork and the teeth of an escapement wheel liberated 
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by the currents, or the escapement wheel may, as in the 
above example, be replaced by a propelment wheel, such that 
each motion of the armature causes it to move on one tooth. 
The latter is the plan now most in use. 

The right number of currents is sent by means of a diai 
at the sending station, and an index with a handle which 
can be turned from letter to letter; the letters on the send- 
ing dial correspond in number and arrangement to those on 
the receiving dial. The handle always moves in one direction 
and sends one current {positive and negative alternately) as it 
passes each letter. Whenthe index of the receiving instrument 
and the handle of the sending instrument have once been set 
opposite the same letter, the sending operator has merely to 
turn his handle at a moderate speed to each letter in succes- 
sion which he wishes to send, and by so doing he will send 
jus the n iber of currents required to bring the receiving 
index step by s ej to the same letter. Should any curreni 
or (, rre ts fa 1 to moye the receiving index, the sender and 
rece er find ng that the signals are not understood, put 
the r stru ents to one letter or mark (sending no currents) 
by a n echan cal arrangement contrived for the purpose, and 
reco n ence the message from the point at which it 
beca ne un tell g ble. The currents sent by the handle as 
it is t med ro nd nay come from a battery, or, as is more 
commonly the case, from a magneto-electric arrangement. 
Fig. 157 shows the magneto transmitter used by Messrs. 
Siemens. 

The handle h is fastened to the spindle a carrying the 
toothed wheel l, which latter gears into the pinion t of the 
cylindrical armature or keeper E, This armature e is mount- 
ed vertically upon pivots between the poles of a series of 
permanent magnets G G G. One revolution of the wheel l, 
or of the handle h fixed thereto, causes the pinion of the arma- 
ture E to revolve thirteen times, as the teeth of the former 
are in the proportion of thirteen to one of the latter. As one 
full turn of the armature produces two currents of opposite 
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directions in a coil of insulated wire forming part of the 
cylindrical armature e, twenty-six currents, alternately posi- 
tive and negative, are generated dunng one revolution ot 
the handle ; the dial is divided, as above stated, mto 
twenty-sis parts, viz, twenty-five letters of the alphabet |_£ 
p.nd J being taken as one) and one blank. 




Sir Charles Wheatstone's magneto-electric letter- showing 
<.tial step-by-step instrument is perhaps the best yet intro- 
duced. 

When a radial arm is employed to drive the a 
of magneto-electric induction coils, the induced ■ 
are generally very unequal in strength, because the operator 
naturally begins and ends the motion comparatively slowly. 
Sir Charles Wheatstone, therefore, drives the magneto- 
electric armatures continuously, and regulates the number of 
currents admitted into the line by a series of stops, corre- 
sponding to thirty letters and symbols arranged round a dial. 
The propelment in the receiving instrument is admirably 
light and accurate, and its workmanship very perfect. These 
little instruments axe chiefly used for short private lines, but 
have been employed on circuits of more than loo miles in 
iengih. 
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\ 14. The ' step by is made on a 

plan differing little fi iwing instru- 

ment. The pointer is ch the types 

of the required letter ; this ring is 

turned by the propelmi d clockwork, 

so that each required opposite the 

])aper on which the sy the paper is 

then struck against tlii ome special 

device differing in di me the mere 

pause of Che dial suff or printing 

hammer to act. In ant e are used to 

work the escapement, _ , ent when the 

desired letter is reached, determines the impression by the 
stroke of a hammer. In a third a second line wire is used 
to give the blow which prints ihe letter. The paper then 
moves on one step. These instruments have not come 
largely ioto use. It will be observed that the number of 
alternating currents required for each letter in the ' step by 
step' instruments greatly exceeds the number required by in- 
struments of Class I. 

§ 15. The Hughes printing instrument is the typical 
synchronous printer. The principle on whidi it is based may 
be stated as follows : — Two type- wheels, having letters on their 
periphery, one at the sending and one at the receiving sta- 
tion, revolve with equal velocity, and are moreover so placed 
that the same letter in each wheel passes corresponding fidu- 
cial marks at the same time. The fiducial mark in the receiv- 
ing instrument is opposite a little roller, carrying a strip 
of paper which is struck against the edge of the rotating 
wheel by the release of the aimature of an electro-magnet 
whenever a current is received ; a letter is printed by 
the blow without stopping or sensibly retarding tiie wheel ; 
the paper is then pulled on a step by clockwork, the arma- 
ture replaced on the electro-magnet, and all is in readiness 
for the next letter. The letter which is printed 
depends on the letter of the wheel which happens to be 
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opposite the roller and paper at the moment when the 
current arrives. A series of keys like the keys of a piano- 
forte, and each lettered to correspond with the letters of the 
alphabet, are so arranged a y h ndmgwh h 
the depression of the ke> a ca a nj, n b 

sent when a is opposite he fi u a na k a h n nj, 
station ; the current occup n b n h ng 

the other station, and strike p pp hndiAon 

the receiving wheel is at t fid m k The a 

therefore printed ; if the op a o oh tl e key n 

the sending wheel causes a urre o pa n n o po 

the fiducial mark ; at th n n n n opp he 

paper and roller at the receiving station, and the letter n is 
accordingly printed. This action can be repeated inde- 
finitely with any series of letters so long as the two wheels 
keep perfect time. Each wheel is driven by clockwork, 
and regulated so as to keep very nearly perfect time, by a 
spring pendulum, which vibrates with extreme rapidity, and 
regulates a frictional governor connected with each wheel ; 
any trifling deviation from perfect synchronism is corrected 
by every current sent. The act of printing slightly accele- 
rates the receiving wheel if it is behind time, and slightly 
retards it if it is too fast. This is done by a little wedge 
which, whenever a letter is printed, is forced between the 
teeth of a star wheel fixed to the type wheel. This wheel 
is not rigidly connected with the axis on which it is centred 
but is maintained in its position by friction. This position 
can therefore be corrected without sensibly affecting the 
speed of the clockwork. This instrument is the best of the 
printing instruments hitherto introduced : it has the great 
advantage that only one current is required for eacli 
letter. 

§ 16. Bakewell's and Caselli's copying telegraph appara- 
tus requires synchronous motion at the two ends of the line. 
The principle on which their instruments are constructed 
may be explained as follows. 
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The message is plainly written in'comTtion ink on a sheet 
of paper, a, covered with thin tin foil, Fig. 158. A corre- 
sponding sheet of paper, B, is chemically prepared, so that 




when a current passes through it from a pointer e. to earth, a 
mark is made similar to that used in Bain's instrument. The 
pointers s and r are drawn across the papers a and b in a 
succession of parallel equidistant lines with a perfectly syn- 
chronous motion. A battery is connected with the tinned 
paper, the line l, and the earth, as shown in the sketch. 
When, the pointer s touches the tin, the battery is short- 
circuited through the tin; no sensible current reaches b, 
and R leaves no mark ; but when s crosses the ink on a the 
current from c z flows through l, and so long as S remains 
insulated from a by the ink a line is drawn by the point k. 

It is easy to perceive that the result must be _ 
as. accurate a copy of the original writing as ^ 

can be produced by a series of fine lines inter- ^^'^C 
rupted in the proper places, as in Fig, 159. i. / 'i 

The synchronism required is in Caselli's .—ifjf 
instrument obtMned by a pendulum at each re- 
ceiving station; one beat of the pendulum corresponds to each 
line drawn across the paper ; the one pendulum controls the 
other by a current which it transmits from the sending 
station through a special circuit temporarily connected with 
the line. 

§ 17. By various differential arrangements messages can 
be sent simultaneously in both directions through one line. 
The currents sent f om tlie two stations do not really travel 
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simultaneously in opposite directions through the- line, but 
the effect of the signals on each receiving instrument is 
precisely the same as th ugh the line were being worked in 
only one direction. 

Let the connections be arranged as in Fig. i6o. R and r 
represent two relays, each wound with two coils capable of 
producing equal magnetization in tlie core if equal currents 
are passed through both coils. If equal currents pass in 
opposite directions through the two coils, the coil will neither 
be magnetized nor demagnetized, m aJid m are two Morse 
keys, so made that the line must always be in contact with 
the earth or the battery, or (for a very short time, as the key 
moves) with both. When the handle at m is untouclied, 
there is unbroken connection from the line round the inner 
coil of the relay to earth through the contact o and the wire 
V. There is a second connection between the line and the 
earth from the point n, through the outer coil of the relay, 
and through the resistance coils w. The condenser D is 
connected, as shown, with this branch. 

When the handle m is depressed, contact is 'made at p, 




which for an mstant short-drcuits the battery cz through 
d)e wires Vi and V, and immediately afterwards contact is 
broken at o, so that the battery c z is connected with w and 
thence with two circuits, one through the line to the distant 
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station and one through the outer branch of the relay to 
earth at the Home station tIirou|jh w. 

The resistance of w is made equal to that of the line l, 
added to that part of the circuit by which i. is connected with 
earth at the distant station ; the capacity of d is so chosen 
that w and d may represent an artificial line in all respects 
equivalent to the real line. 

Thus there may be nine arrangements of the positions of 
the keys m and m. 

1. Let M be depressed and m untouched. The batterj 
c z sends a current round both coils of r, which does not 
work, as the currents flow in opposite directions; it also sends 
a current through the Ime L, and thence round the inner 
rod of r ind to earth through e the relay r works and 
gives a signal 

- Let M be depressed and m also depressed. The 
currents which eath bitterv would send through the line 
neutralise one another but each battery sends a current 
through the outer coil of its own relay ; both relays work, 
and signals are received at both stations. The current sent 
through the outer coil of each relay is equal to that which 
the battery would send through the line and inner coil of 
the distant relay. 

3. Let m be depressed and m untouched. This case is 
similar to the first case; a signal is indicated by the 

4. Let neither key be depressed, both batteries are cut 
off the line and no signal is indicated by either relay. 

5. Let both M and nt be in die intermediate position, 
contact made at p and / but not broken at d or o. No 
signal will be given at either station. 

6 and 7. Let the key at m or m be in the intermediate 
position and the other key not depressed ; no signal will 
be indicated at either station. 

8. Let the key at m be in the intermediate position when 
m is depressed, the current produced hy c a will be un- 
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altered, and the signal will be received through the inner 
coil of R, 

9. If the key at w is in the intermediate position, and m 
depressed, a signal will be received by the inner coil of r. 

In every arrangement of the keys m and m, the effect pro- 
duced on the relays is such that when tn is depressed r 
receives a signal, when m is depressed r receives a signal. 

This arrangement is a modification of that introduced by 
Messrs. Siemens and Frischen, and is due to an American, 
Mr. Stearns, 

Mr, Steams finds it advantageous to introduce two resist- 
ance coils, V and v, ; v is made equal to V|, + the battery 
resistance; and v, is chosen sufficiently large to prevent 
the polarization of the battery when momentarily short- 
circuited through V and Vj. 

By short-circuiting the battery, Mr. Stearns is able to avoid 
■insulating the point n when the key m is in its intermediate 
position. If N were insulated, the received ciirrent would 
pass round both coils of the relay and vrould pass to earth 
through the resistance w. At first sight this latter arrangement 
(which was that used by Messrs. Siemens and Frischen) 
seems perfect, for we have the current dimitjished to one- 
Tialf by a doubled resistance and at the same time acting 
with double force per unit of current on the relay. This 
reasoning does not take into account the inductive retarda- 
tion (Chap. XXIII.) produced by artificially lengthening the 
line. Mr. Stearns, in all positions of the key, signals through 
a line of constant length and capacity, 

BELLS. 

§ 18. Bells may, be classed as a distinct kind of tele- 
graphic apparatus. Besides the bells which have already 
oeen described, in which each signal sent causes the hammer 
to strike one blow, there are two kinds of electric bells : — 
First, those in which the hammer is driven by a weight and 
clockwork ; the clockwork remains at rest so long as a certain 
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detent or trigger restrains it, but runs down, striking the 
bell, so long as tlie detent is held back by the armaiure of an 
electro-magnet actuated by the received current. While tho 
current is maintained, the weight runs down and the bell 
continues to ring. Secondly, those in which tlie hammer is 
attached to the armature of the electro-magnet, and is fur- 
nished with contact pieces (as in RuhmkofTs coil), such that 
when the armature is attracted to strike a blow, the contact 
is broken, and the current ceasing, the armature returns to 
its original place, makes contact again, and is again impelled 
to strike a blow. This action is repeated so long as a cur- 
rent is sent from the sending- station. The second form oi 
bell, sometimes called a iremblei; is the more convenient, and 
is used for household and hotel purposes. 

Electric bells may with especial propriety be introduced 
into hospitals, and may be employed even in private houses 
by invalids. The effort required to ring the electric bell is 
that of making contact at one part of the circuit. This can 
be done by the smallest pressure on the little button of a 
Iiandle or little box, which can be held in the hand in bed, 
and attached by flexible wires to the wall. This arrange- 
ment allows the patient to assume any posture without 
losing command of the bell. Electric bells are also used 
for railway signalling, and in all telegraph stations to call the 
attention of the clerks. 



CHAPTER XXIII. 

SPEED OF SIGNALLING. 



§ 1. ELECT-RiciTvcannot properly be said to have a velocity. 
It is true that when a circuit is completed at any one point, 
electrical effects are not produced at other points of the 
circuit until a sensible time has elapsed ; so that, for instance, 
Then a signal is sent through the Atlantic cable, it does not 
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produce any etfect in Newfoundland simultaneously with the 
depression of the key in Ireland. ,The distance divided by 
the time occupied in the transmission of the signal may be 
called the velocity with which that particuJar signal was 
transmitted ; it might even be termed the velocity with 
which a certain quantity of electricitv traversed the cable, 
but it is not the velocity proper to or peculiar to electricity, 
for under different circumstances the same quantity of elec- 
tricity may be made to traverse the same distance with 
almost intinitely different velocities. 

For about two-tenths of a second after contact is made in 
England,' no effect can be detected in Newfoundland even 
by the most delicate instrument : after '4" the received current 
is about 7 per cent, of the maximum permanent current 
which will ultimately flow equally through all parts of the 
circuit. The current will gradually increase- until, i" after 
the first contact was made, the current will have reached 
about half its final strength, and after about 3" it will 
have attained nearly its maximum strength ; during the 
whole time the maximum current is flowing into the cable at 
the sending end. The I'elocity with which the current 
travels even in this one case has therefore no definite mean, 
ing ; the current does not arrive all at once like a bullet, but 
grows gradually from a minimum to a maximum. The 
time required for any given similar electrical operation on 
various lines is directly proportional to the capacity of the 
unit of length of the conductor, to the resistance per unit 
of length, and to the square of the length intervening between 
the sending and receiving station. Fig. 161 shows the curve 
representing the law of increase of the received currents, 
which is the same on all lines. The vertical ordinates parallel 
to o V represent strengths of current, the maximum or per- 
manent current flowing through the circuit after equilibrium 
has been reached being called 100. 

The horizontal ordinates parallel to o x represent intervals 
of time, measured from the time at which contact was first 
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made, and expressed in terras of an arhitraiy unit, o, different 
for different circuits, but constant for any one circuit. For a 
laniforra line of the length /, tlie resistance per unit of length 




R and the capacity per unit of length s, the value of n is 
given in seconds by the expression 

„ = ii,-l0E. (loft) = -OZSS' St-P I'. 

In this expressionabsolute measure (gramme mfetre second) 
is used. When s, is measured in microfarads per knot, r, in 
ohms per knot, and /, in knots, the above expression becomes 
(I = "02332 S] R| /]* -~ 10^ .... 2°. 

For the French Atlantic Cable ive have s, = 0-43 
R, = 2-93 and /| ~ 2584; and hence for « the value '196 
second. 

In terms of a the arrival curves (or the received current of 
nil lines are identical, and the same curve shows the law 




to which thi. current at the receiving end diei 
iwu when at the sending end the line hii been put tj 
ejrth A succession of contacts with a batterj and with 
Cirth ■\t the sending end prolonged each for times equal 
to about 2g a would produce the senes of changes in the 
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received current shown in Fig. 162, each cun-e beingacom- 




The annexed table shows the value of the vertical ordi- 
lates corresponding to successive multiples of n, Ihe maximum 
:urrent being too. 



..« 


.^S'^n'/e. 


(in 


'r^^^ent 


tm 


Strtnglh 
of current 


te™. 


Strsnglh 


of'^' 


'"Tm^L"" 




«nta^v 


'^T 


«"t>^ 


of. 


«m^=". 


_ 


00000000271 


I-I 


04140636 


35 


18-48434 


V^ 


"PM^ 


■5 


00000051452 






0*9275^5 




19-84366 


8-0 


■55 


00000,13639 




3 


I704b02 


37 


21-21342 


8-5 


71-82887 


■60 


<xyx>i67i4 




4 


2050955 


38 


22-59017 


9^o 


74-87172 


■6z 


000029252 




5 


476 „b 


19 


23-97071 


9-5 


77'59i33 


■64 


■000049412 




6 


720788 




25-35217 
28' 10757 




So -02000 


■66 


000080817 




7 


I 03690s 




lo-s 


82 '18760 




■COOI2835 




8 


I '430252 


4*4 


30-83807 




i4'i2i39 


■70 


■00019845 




9 


I '904356 


4 -6 


33-52902 




87-38402 


-72 


■00029937 






2 '46081 2 




36 ■.6892 


13 


8997752 


■74 


•00044152 






3-099&9 




38-74814 


14 


fl2 -03836 


76 


•00063776 




3-81846 


5 '2 


41 -26032 


'S 


93-67565 


■78 






4-6is6o 


5 '4 


43-70028 


16 


94-97631 


■80 


■00 5b 4 


4 


5-48661 


5-6 


46-06449 


17 


96-00951 


■82 


■00 7 7 


5 


642695 


5-8 


48-35070 


18 


96-83023 

97 ■4821s 


■84 


■00 333 


6 


r43'63 


6^0 


50 '55770 


'9 


■86 


■0030S9 9 


1 


849536 


6^2 


52-68501 








■004 5 'A 


9 '61 264 


6-4 


54-733'4 




98-41134 


■90 


■005 5187 


9 


10-77797 


6-6 


56-70294 




98-73809 


■92 


■oofi 58 


3 


11-98582 


6'8 


58 '9502 


23 


98-99763 


■94, 


■0085 47 


3 


13-23087 




W>'4.i64 


24 . 


99-20379 


-96 


■0 70646 


3 


14-50800 


7-2 


^2 ■■5439 


25 


99-36754 


■98 


•0374 


3 


1 5 -8 '233 




53-82523 








■0 94 


34 


17-13921 


1 7-6 


65-42636 







bv Google 



Chap. XXIII.] Speed of Signalling. 33 r 

When the Une is put to earth at the sending end before 
the maximum current is reached, the faHing curve is super- 
imposed on the ascending one, aiid a derived curve is pro- 
duced as shown in Fig, 1 6s a, which gives the effect of mak- 
ing contact for 5 a and then putting the line to earth. At 
the time 6 a from the beginning of the operations the 
strengtli of current will be 5o'5577o — -01639 = 5°'54i3' ; 
and at the end of 7 a it will be 6o'4ii64 — z'46o8i = 
57-95083 ; and in this manner die whole of the derived curve 
can be traced. If now the line be put in contact with the 
battery again at the end of 7 o, the third curve can be 
derived by again superimposing the original curve on the 
fi d n 1 curve ; so that at the end of 8 « the strengtli 
Id b 68-42832 — 11-98582.+ -01639420; and in this 
h effect of any number of operations can be com- 
I- d 

§ 2 I f Hows from the above, that the result of a series 
f I q vlcontactsakernately with earth and a battery at 

the sending end will produce a small series of rises and falls 
in the strength of the current, which grow smaller and 
smaller as the length of the contacts diminishes : the mean 
strength of the current will be half the permanent maximum 
produced by a pennanent current ; and when the alternate 
contacts are made short compared with o, no sensible 
variation can be detected in the current which flows from the 
cable at the receiving end. As the contacts ate lengthened, 
the amplitude of variation increases. The following table 
gives some amplitudes due to a succession of simple dots or 
equal contacts with the earth and with a battery. 



ES -a«9 s-(i7 <s. 6-31. 0-4J. 4-85. 9-67J14' 



The theory of the speed of signalling was first given by 
Sir William Thomson, read before the R. S. May 24, 1855, 
published in the Proceedings, and reprinted in the Phil. Mag., 
Fcbniaiy 1856. 
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§ 3. Signals sent through land-lines last so long relatively 
to the exceedingly short value of <i for such lines, that in all 
ordinary cases the current rises almost to its maximum, and 
falls to zero at each dot. The capacity in electrostatic 
measure of wire of diameter d suspended at a height h above 
a flat plane, and remote from all other conductors, is 



Taking h-=2, metres and d=<yQOd, mfetre, we have s = oo6i, 
or in absolute electro-magnetic measure s = ° " ^ ^ 

or about '013 microfarad per statute mile. There is ex- 
perimental reason to believe that the actual capacity is 
about double this amount, or even a little more, owing to the 
induction between the wire and the posts and insukting 
supports. Even taking s as -03 microfarad, and the resist- 
ance of a mile of '004 mm. wire as 15 ohms, we have for 
a line 350 miles long 

a ^ 00126 second. 

This value is so small that even with 20 a for each con- 
tact and 40 (I for each dot, the dot would only occupy 
■05", or 2o dots could be made in a second ; and for every 
dot the current would rise almost to its maximum and fall 
almost to its minimum. The above speed would give about 
80 words per minute as a speed at which the effect of what 
is called retardation would be insensible in diminishing the 
rise and fell of the received current. 

Instruments intended for use upon land-lines are therefore 
invariably constructed on the hypothesis that the received 
current will at each signal rise and fall through a consider 
able percentage of its maximum strength. The spring 
attached to the armature of the electro-magnet is adjusted 
so that at some one strength of received current the 
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jmiatiire will rise, and at another strength ditfering little 
from the foriner it will fall : in order to work such aii 
instrument safely, the received current must rise much above 
the first and fall tar below the second strength, and this is 
the case even when 100 words per minute are sent by 
Professor Whcatstone's automatic sender from London to 
Edinburgh. 

§ 4, On submarine lines any such condition as a great 
and regular rise and fall m the received current limi:s 
the speed of transmission very seriously : 40 a for t'lc 
French Atlantic cable corresponds to nearly 8 seconds, 
and two minutes would be required for the transmission 
of each word, if this interval of time were required for each 
dot ; whereas from 15 to 17 words have actually been sent 
through this cable in a minute. The duration of a dot at the 
speed of 15 words per minute must have been about '27 
second, or about i'38 a. Many of the dots can have pro- 
duced no more variation in the received current than is 
equivalent to nnnr'h of the permanent current ; the theory of 
superimposed signals shows us that the exact effect of any one 
positive or negative dot depends on the zo or 30 preceding 
signals, so that even very regular sending produces irregular 
results at the receiving end- Signals such as these cannot 
be received by any arrangement of armatures or other 
apparatus which moves at a fixed strength of current, but re- 
quire some arrangement which shall be capable of following 
and indicating or recording every change in strength of 
the received current Sir William Thomson, by his inven- 
tion of the mirror galvanometer so constructed that it 
could fulfil this condition, rendered submarine telegraphy 
commercially practicable. The spot of light wanders over 
the scale, following every change of current, and the clerks by 
degrees acquire sufficient skill to interpret the seemingly 
irregular motions. One dot will cause the light almost to 
cross the scale, the second moves it a little farther, the third 
or fourth hardly cause a perceptible motion, but the clerk 
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Dy experience knows that the four very different effects each 
indicate a simple dot, each sent by the clerk at the other end 
in a precisely similar manner. 

^ 6. Sir William Thomson's syphon recorder actually draws 
on paper the curves which we have learnt to construct theo- 
retically. Ink is spurted from a fine glass tube on to paper 




nrawn past it ivith a imifonn motion : tjie glass point of this 
tube moves to tlie right or left through distances proportional 
at each instant to tlie strength of the current, and thus the 
signals are drawn on the paper in the form of curves repre- 
senting the strength of the current at each instant of time. 
The glass tube « (Fig. 163) is pulled backwards and forwards 
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by being connected throijgh the threads k li and lever i with 
a very light movable coil b h, placed between the two poles 
of a very powerful electro-raagnet, not shown. 

A soft iron fixed core a is placed in the centre of the 
coil. The coil oscillates about a vertical axis, being directed 
by a bifilar arrangement//,. The received current passes 
through this coil from the terminals ? ^1 : the vertical arms 
of the coil are impelled across the magnetic field in one 
direction or the other according to die sign and strength of 
the received current. The magnetic field in this arrange- 
ment is very intense and very uniform, which gives great 
sensibility to the apparatus. The glass syphon « is strung 
on the wire 11^, the shorter end dips in the ink-trough ?«, and 
the longer end is opposite the paper 0; the syphon can be 
withdrawn from the ink by the slide p; the springy keeps 
the threads k h taut ; the directing force of the bifilar ar- 
rangement is adjusted by varying the position of the bracket 
r ; the. two weights w w^ hang from the coil by the tivo 
directing threads. 

If the coil is shunted so that there is a comparatively short 
circuit through which the current induced by its motion can 
flow, the electro-magnetic induction of the magnet on the 
coil tends to check rapid oscillations not due to the signals. 




A certam portion of the received current is lost through the 
shunt \hich IS however rarely required for the capacity of 
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the cables connected with the coil is such that a very 
sensible induction takes place even without the shunt. 

The ink is electrified by an induction machine similar in 
principle to that described in Chapter XIX. § i, and is 
thus made to fly to the oppositely electrified strip of paper 
in a succession of fine drops. 

§ 6. If it were necessary to allow the recording point to 
travel over the whole possible range of the received current, 
it is dear that practically dots of only ■j-jffrir of the maxi- 
mum strength would correspond to ynW of the breadth of 
the paper, and could not be made legible with any practi- 
cable breadth of paper. They are legible on the mirror 
galvanometer because the light can range over a length of 
some feet, but J inch is a broad paper strip for any re- 
cording instrument. Mr. Vadey's mode of signalling by 
condensers supplies the means of keeping the light of the 
mirror galvanometer always at one part of the scale, and the 
glass tube end of the recorder widiin a very narrow strip of 
paper. 

The hne l. Fig. 164, is attached to tiie insulated armatures 




N and " of two large condensers ; the second armature m at 
the sending end is connected to a key k, by which it can at 
will be connected with the battery c z or with earth ; the 
annature m is permanently connected through the receiving 
instrument R with earth. 

When by the key k, m is connected with the positive pole, 
N is rendered negative by induction ; a current flows from 
H to « ; « becomes positive and m negative by induction, 
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and to charge m negatively, a short current flows from m to 
E through R, making the desired signal in one direction ; 
the current sent. through a begins suddenly, is very small, 
and would gradually die out, even if m were not put to 
earth: the fall in the current is, however, accelerated by 
raising the key and putting m to earth. A negative signal 
is given by connecting m with the zinc instead of the 
copper pole of the battery. 

With this arrangement no electricity flows into or out of 
the cable but by induction : the charge in the cable is re- 
arranged at each signaL The current received through the 
instrument e never increases beyond that due to the first 

Fig. 165 shows the alphabet, and Fig. 166 shows a 
message sent with condensers and received by the recorder. 



yes was t a,p p i n- ff 

Mr. Varle/s system has the additional advantage that no 
permanent earth currents can flow through the line, for the 
line is not connected anywhere with earth. A sudden change 
of potential in the earth at either end will induce a current, 
but sudden changes are much rarer than slow changes, and 
the latter, however great, are quite cut off by the condensers, 

§ 7, The time of every electrical operation is proportional 
to a, or to s R /^ ; and consequently, whatever instrument is 
employed to record or receive the messages, the speed of 
working must with that instrument be inversely proportional 
to s R I*, and with any cables of unifonn construction the 
speed must be inversely proportional to the square of the 
length. 

The speed \vill, however, differ enormously, according to 
the nature of the electrical operation required for working 
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the instrument Thus the Morse instrument probably requires 
that the dots should occupy a tii-ne of from 151020 a, and is 
therefore about 14 times slower than the mirror galvanometer, 
which will show dots of i or 1-2 n. The speed of the 
syphon recorder is nearly equal to that of the mirror. 

The speed depends on the weight per knot w of the copper 
and on the weight per knot w of the gutta percha employed, 
and may be calculated from the following formula, where l 
is the length of the cable in knots. 

Speed by mirror in words per minute — 

=0-2 2C w '°^ ^^°'''' ^ "*" ^^° ^' ~ '°^ ^'^ ^ X los 

If Mr, Willoughby Smith's material is used instead of gutta 

percha, the multiplier -275 maybe used instead of □'2325 ; 

and for Hooper's material. If the specific gravity is such that 

its weight per knot is lbs., and its specific Induc- 
tive capacity 3"3, the above formula becomes 

log (70-4 g- + 400 w) - lo g 64 w g 

295 m ^j X 10 

The speeds given correspond to 13 words per minute 
through the French Atlantic Cable. As many as 17 Iwve 
occasionally been sent For Morse instruments the above 
speeds must be divided by 14- 

It will be observed that when a constant ratio is main- 
tained between the weights per knot of dielectric and con- 
ductor, the speeds of working are directly proportional to 
the quantities of material used. 



CHAPTER XXIV, 



§ 1. A TEi.EURAPHic Ime is an insulated wire reaching from 
station to station. On land an iron wire is generally used, 
supported on stoneware, porcelain, glass, or vulcanite insula - 
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tors carrieil by wooden or iron posts. Sometimes underground 
wires are used, and these are generally made of copper insu- 
lated with gutia percha or india rubber, and protected by 
tape, leaden or iron tubes, wooden troughs filled with 
bitumen, or an iron wire serving. Submarine lines invaria- 
bl) have a copper conductor insulated with gutta percha or 
some preparation of india rubber, forming what is called a 
core This core is served with herap or jute, and covered 
helically widi iron or steel wires, which are further covered 
in many cases with hemp and tar, or a bituminous compound. 
It IS desirable that the conductor ofa telegraphic line should 
have a small resistance, and that it should be well insulated. 
The smaller the resistance of the line, the smaller the 
battery required to work it, and with a given insulation the 
smaller the leakage. On submarine lines the speed attain- 
able is increased by diminishing the resistance of the con- 
ductor. Bad insulation or great leakage involves the use of 
large batteries, frequent adjustment of the receiving instru- 
ments to suit variations in the received currents, resulting 
from variation in the resistance; bad insulation also involves 
greatly increased difficulty in ascertaining by electrical tests 
the position of any injury occurring to the line. The follow- 
ing paragraphs relate chiefly to the modes practically adopted 
for securing moderate resistance and high insulation : 

§ 2. The iron wire used in land lines is in this country 
generally No. 8, B.W.G. \ inch diameter. 

The following table (p. 340) gives some of the other sizes 
adopted. The weights per statute mile are taken from 
Mr. Clark's tables. There are considerable differences in 
the weights given by different authors, and I am not aware 
that any one set of tables are authoritative. 

Mr. CuUey gives No. S wire as o'l 7 inches diameter; its 
resistance i3'5 ohms, and that of No. 4 as 7*8 ohms. There 
is great difference in different specimens. The strength of 
good iron wire varies from zo tons per square inch for large 
gauges such as No. 1 to 40 tons per square inch for No. 8 
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and smaller sizes. Mr. Culley gives 1,300 lbs. for No. 8, and 
tiiis corresponds by the above table to 367 tons per square 
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inch. The iron wire should be galvanized, and shotild be 
capable of being bent round itself and unbent without 
injury. It should also stand bending four times, first one way 
and then the other, to a right angle, being held in a vice. 
The wire is stretched % per cenL cold before being used. 
This process is called killing, and not only detects weak 
places, but makes the wire less springy and more manageable. 
It should be painted or varnished in smoky places. 

From 25 to 20 poles per mile may be tised on straight 
lines, but 16 poles per mile are sometimes used if no more 
than four wires are required. On sharp curves as many as 40 
poles per mile may be required. The fewer the poles the better 
the insulation. For 10 wires or less the diameter of wooden 
poles may be 5 inches at the top ; for a larger number of 
wires 6 inciies. Creosoted larch is the best material ; and 
the batts should be chaired and baked to prevent decay, 
and tarred if well-seasoned. The pole above ground should 
be painted. 

The distance between the wires should not be less tlian 
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12 inches vertically, and 16 inches horizontally, with zo 
poles per mile. 

§ 3. No line can be perfectly insulated. On land lines 
no leakage occurs from the wire to the air, but at every pole 
there must with the best constniction be some leakage, 
or, in other words, at every pole there is a connection with 
the earth. The resistance of this connection is very great 
when the »vire is well insulated, and small when there is 
bad insulation. 

The wire is always separated from the wooden pole by an 
insulator, and the insulation of the wire depends on the de- 
sign, material, and condition of tliese insulators. Glass of 
certain kinds offers the greatest resistance to conduction 
through its substance of any known material, but it does not 
answer well for telegraphic insulation, because surface con- 
duction plays by far the greatest part in the leakage from a 
line, and glass is highly hygroscopic, i.e. it will be found 
covered with a moist film in most states of the weather. 
Ebonite (hard vulcanized india-rubber) lias a high insulation 
resistance and does not readily become damp, but rain wets 
it easily, and therefore when employed for insulators it is 
generally covered with a cap of some other material : it soon 
becomes dirty and spongy on the surface. 

Porcelain of certain qualities insulates well ; it is not 
nearly so hygroscopic as glass, and rain runs readily from its 
highly glazed surface. The glaze insulates still better than 
the substance of the porcelain, but in some specimens is 
liable to crack with old age, when its value is lost 

Brown stoneware is an excellent and cheap material for 
insulators ; its glaze does not crack, but its substance has not 
so great a specific resistance as highly vitrified porcelain. 
The point of chief importance in all insulators being the 
condition of the surface, porcelain and stoneware are the 
favourite materials; they keep clean, do not change with 
age if well selected, and do not harbour insects. 

The form most used approaches that of a bell, or of 
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several bells one inside another. In Fig. 167 No. 1 shows 
Latimer Clark's double-bell insulator ; No. 2 Varley's insu- 
lator, made in two pieces ; No. 3 the French cup insulator, 
a very rudimentary design ; and No. 4 Siemens' insulator, pro- 
tected and supported by an iron cap. 




The objects aimed at in each design are the following r — 

1. To make any conducting film wliich may be deposited 

on the surface of the insulator between the wire and the 

pole as long as possible, because, other things being equal, 
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its resistance increases directly as its length. This object 
is attained by the series of bells, for the electricity has to 
run down outside and up inside each, in succession, before 
getting from the wire to the pole. 

2. To make the cross section of the conducting film as 
small as possible. With this object the insulator is kept as 
small in diameter as is consistent with other conditions of 
excellence. 

The thickness of the deposited conducting film depends 
on external conditions, but the laiger the diameter of our 
bells the larger will be the cross section of the film, i.e, the 
ring of moisture which we should find outside and inside 
each ring of insulating material if it were sawn across hori- 
zontally. 

3. To exJ)ose one portion of the insulator to the rain, so 
that it may be cleansed by rain from dust, salt, smoke, 
spiders' webs, &c. 

4. To protect another portion of the insulator from rain, so 
that when the outside is wet the inside may still insulate. 
These two conditions are fulfilled by the forms i and 2. 

5. To prevent the failure of part of the insulator from 
destroying the insulation. With this object some good 
insulators are made in three parts, as shown in Fig. 2 — two 
distinct cups and a vulcanite covering to the iron supporting 
pin. 

6. To prevent insects from settling in recesses. This 
object is difficult of attainment, and limits the depths of 
the recesses under the bells. 

7. To provide strength and protection against malicious 
injury. Thisleads to the adoption of metal caps as in Fig. 4. 

§ 4. Besides leakage from the wires to the earth, wires 
on poles are subject to the defect of more or less 
electrical connexion one with another, by the surface con- 
duction from one insulator to another. To prevent this 
very serious inconvenience a wire from the earth is led up 
the pole and across every portion of it by which electricity 
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could be conducted from one insulator to the other. A 
short circuit or line of no sensible resistance is thus pro- 
vided, so that all leakage finds its way at once to the earth ; 
simple loss weakening the transmitted currents causes much 



m- 



B 



less inconvenience than cross connections by which the 
message on one wiie finds its way partly into its neighbour. 
The earth wire is carried above the pole and forms a 
lightning conductor. 
§ 5. The insulation resistance of a line is measured by 
Fig. 169. measuring the resistance experienced at 

the end a when the end x is insulated, 
Fig. 16S. 

The resistance thus measured is not the 
sum of the several insulation resistances 
B E„ c Ej, D Eg, &c , but is the resistance 
due to the circuits a b e,, b c Ej, c d e,, 
&c. arranged in multiple arc as in Fig 
169. We can calculate this total resist- 
ance if we know the resistance of each 
elementary patL First find the resistance between the points 
D and E due to a double arc , next add this resistance to that 
between o and c ; next compound the resistance so found 
with that due to the arc c e; this will give the resistance 
due to all the conductors between c and e ; add c b and 
proceed as before till the resistance due to all conductors 
between a and e is obtained. 

When the resistance m of each part of the line between 
two poles is constant, and the insulation resistance i at 
eacli pole is also constant, we can calculate the ditference 
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between the current q^ sent into the line and that received 
at the further end q„ by the following formula. 

Let n be the number of poles, and let z = if^ "^ where 
then Q,= l-5i_ 



Mr. Varley considers no line well insulated for which the 
fraction ^ is greater than ^uJi,^. This fraction may also be 

defined as the ratio of the resistance of the conductor per mile 
to the insulation resistance of each mile. q„ will be 46 per 
cent, of Qo in a tine of 400 miles with the above value of -,- 

§ 6. On submarine and underground circuits, the insula- 
tion depends wholly on the resistance to conduction across 
the sheath of the gutta percha or india rubber covering. 
Surface conduction can only occur at the two extremities of 
the line, and miless by gross neglect, or on very short lines, 
cannot be a sensible cause of leakage. 

Equation 1° is applicable to submarine lines, calling m the 
resistance of the conductor per mile, i the insulation resist- 
ance of each mile, and n the length of the line in miles. 

The conductor is invariably a copper strand, and the 
resistance can be calculated for pure copper from the Table, 
§ r4. Chap. XVI. In practice from five to eight per cent, extra 
resistance must be allowed for on account of impurities. 

The smallest conductor in practical use for sea lines 
weighs 73 lbs. per nautical mile of 2,029 yards ; the largest 
yet employed (French Atlantic) weighs 400 lbs. 

The large cores require nearly an equal weight of gutta 
percha as a covering, and the lighter conductors require a 
still larger proportion of insulator ; the 73 lbs. of copper 
is generally covered with iso lbs. of guttapercha. Hooper's 
india rubber is sometimes used in smaller quantities than 
gutta percha. 

The electrical tests applied to ascertain the quality and 

ogle 
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condition of the materials employed in the case of submarine 
cables are — the measurement of the resistance of the core ; 
the measurement of the resistance of the insulator to con- 
duction from the copper inside to water outside ; and the 
measurement of the capacity of the insulated conductor in 
microfarads. Tiie methods of making these tests have been 
already described. 

The insulation resistance R of a length L of the insulating 
core measured in centim&tres is given in terms of the resist- 
ance R. of one centimetre cube to conduction between its 
opposed faces by the following formula : 



log £ 



■3665R.log - 



where -, is the ratio of the external diameter of the insula- 



tor to that of the enclosed conductor. From this equation w 
have the resistance % of one knot of insulating envelope : 



1-975 E,logj 



R, is what was called in Chap. XV. the specific resistance of 
the material. 

The following table gives the value of r^ and r, for 
some important cables at 24° C. after 1 minute's electrifi- 





d 


R. 


.efob.. 


Malta Alexandria (first) . 
Persian Gulf, mean . . . . 
Seeond Atlantic, mean . 
Frencii Atlantic, mean , ' , 
Hooper's Persian Gulffindia rubber), f 


71 

3'2S 
2 '92 


"5 
193 
349 
334 
8000 


4 « 10* 
10 X 10" 

342 X lo- 

256 X 10- 
7572 X lO" 



The specific gravity of gutta percha is between 0-9693 
The weight W^, of gutta percha per knot in any 
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iVhere D and d are measured in thousandths of an inch. 
The specific gravity of Hooper's rubber is about 1-176, 
and tlie constant divisor for the weight of Hooper's material 
in the above formula is 400 instead of 480, The weight 
per knot w^ of a copper strand of 7 wires such as is used 
for submarine lines is in lbs. 

w = '^ 
* 70-4 
5 7. The capacity in electrostatic measurement s of any 
length of wire for a submarine cable maybe calculated by 
equation 6, Chap. V. The electromagnetic cap'i(,it\ "^ is 
more commonly required, and we know (Chap VIII § 2) 
that s = -J where I' = 38-8 x 10^. Hence m absolute 
electromagnetic measure 



4'6o52 X 28-8= X lo'S xlog ^ 3820 X lo'Mt^j ; 
and calling s„ the capacity in microfarads, we have 



This value of s" is given in terms of l measured in centi- 
m&trei : practically it is convenient to measure the length in 
knots; and as one knot is equal to 185,526 centimhres, 
(6087 feet), we have, calling l^ the length in knots, 

Cap. of cable = J548S7JL"- ... 6" 



Taking the value of k for gutta percha as 4-2 (vide Chap. V, 
5 5), we find the capacity of the French Atlantic cable to be 
about o'43 of a microfarad. This value agrees with the 
resuh of direct experiment by the ballistic method (vide § 5, 
Chap. XVII.). 
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§ 8. Fig. 170 shows a cross section and a projection of the 
component parts of the Anglo-American Atlantic cable 
drawn full size. In the centre is the copper strand of 7 
wires ; round this we have the gutta percha envelope covered 
by a serving of jute, outside which there are ten wires of 




what is called homogeneous iron, each enveloped in fine 
strands of Manilla hemp. 

Fig. 171 shows the more common type of cable, in which 
the hemp-covered steel wires are- replaced by iron wires of 
considerable size. These iron wires, laid on as shown in Fig. 
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171, are often covered with one or two outer servings of jute 
and a compound of mineral pitch, silica, and tar, known as 
Clark's compound. 



CHAPTER XXV. 

.TS IN TELEGRAPHIC LINES. 



S 1. Any impediment to signalling due to the condition of 
tlie line is a fault. Faults are of three kinds : — i. A defect 
producing bad insulation, 2. A defect producing want 
of continuity in the line, or excessive resistance. 3. Contact 
between two neighbouring conductors used for separate 
messages. 

Defective insulation in land lines may be due to cracked, 
dirty, or otherwise defective insulators, or to contact between 
the line and some conductor in connexion with the eartn. 
In the first case the defect nuy be distributed over a great 
length of line. We can determine its importance by elec- 
trical measurements. In the second case tlie fault has a 
definite position, and we can detennine its importance and 
its position by electrical tests. In submarine cables, defective 
insulation is always due to connexion between the sea and 
the internal conductor at one or more definite points. The 
second class of fault implies a rupture in the conductmg 
wire of the line or in the connexions at the stations, or in the 
connexions with the earth at the stations. In many cases 
its position can be ascertained. Frequently the first and 
second faults co-exist : i.e. the Ime is broken and its end 
is in contact with' the earth. The third class of fault seldom 
arises except on land lines. When the connexion arises 
from the actual contact of one wire with anotlier, its position 
is easily found. 

Tests for the position of faults can generally be made 
more accurately on submarine lines than on land lines. 
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because the insulation of the undamaged ponions of the 
line is generally better. The following descriptions refer 
especially to submarine faults, but the same principles are 
applicable to land lines. 

§ 2. Let there be a fault in an otherwise well-insulated 
conductor, involving loss of insulation at one point, at the 
distance a b, Fig. r72, from station a. 

If the connexion at b with the earth has no sensible re- 
sistance, we have only to measure the resistance a b, and 
divide by the resistance of the line per mile, to obtain the 
distance a b in miles. This measurement may be made by 
the Wheatstone balance, connected as shown, a d and 
D F are the two arms of the balance, f e is the box of resist- 




; plugs in the box 

on the completion 
ice of 150 units ; 
units per mile, b 
)ie to insulate, the 
We can easily as- 
sensible or not, by 
nd test we find a 
ip the whole length 
. If, on the otlie-- 
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hand, the sum of the measuremeuts from c and from a gives 
a greater length than a c, this can only be due to the resist- 
ance of the fault ; for we have not really measured the re- 
sistance of A B and B c, but of A B + b £[ and b c + b e,. 
If then the sum of the two measurements exceeds the resist- 
ance A c, the excess will be equal to twice the resistance of 
the fauh. Let ni be tiie resistance measured at a, n the 
resistance measured at c, and l the resistance of the whole 
line. 

Then A B = ^ + "" . - ^o-c^c^ ^ + '^ - '^ . , , 



This method would be perfect if the resistance of the fault 
were really constant while the resistances m anij n were 
being measured ; but faults usually vary very much, owing 
to polarization ; and hence, except witli great faults of small 
resistance, this method is defective. 

§ 3. A second method of determining the resistance a b 
is given by the following test, on the assumption that the 
resistance of the fault is constant : — Measure at a the resist- 
ance m of the Une when c is insulated, and measure the 
resistance e when the end c is put to earth. 
Then AB-i-/=OT;AB + •*- =£andAB + Bc=L 

/ B C 

tlierefore a e = e — V {^ — e) {m — e) . . . z° 

Tliis test is even less trustivorthy than the preceding one. 
By taking a large number of values oi m n and e with 
different poles of the battery, and different strengths of 
battery, and choosing the smallest values obtained as tiiose 
corresponding with one and the same minimum value of/, 
some approach to accuracy can be made. Great experience 
is required in testing to enable the observer to ju^ge of the 
nature of a fault. By noting the polarization obtained with 
positive and negative currents of diflerent strengths the 
character of a fault can generally be determined, and a 
guess made at its probable resistance. 
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§ 4. When there is a well-insulated return wire from the 
distant station c back to a, the position of a leak can be 
determined with great accuracy by what are called loop tests. 
The observer has then both ends of a complete metallic 
circuit before him, and the ratio between the two parts which 
intervene between the two ends and the fault can be deter- 
mined by several methods, all independent of the varying 
resistance of the fault. 

Mr. Varley uses a differential galvanometer to ascertain 
when an equal current runs into both ends of the metallic 
circuit and out at the fault. This will only be the case 
when the resistance between the galvanometer and the fault 
is the same by both roads. This condition is fulfilled by 
adding a resistance r between one coil of the galvanometei 



and the defective wire. The resistance r requu-ed to bring 
the galvanometer to zero is obviously equal to twice the re- 
sistance of the wire between the distant station and the 
fault 

Perhaps a still better method is given by arranging the 
VVheatstone balance as shown in Fig. 173, where the fault, 
supposed to be at 0, forms part of the circuit connecting the 
pole c to the metallic conductor subdivided at o. 

The variation of the resistance of the fault does not 
affect the result : it will indeed cause a greater , or less 
deflection in the galvanometer until the desired balance is 
effected, but it will not alter the relative resistances of the 
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several parts of the circuit required to reduce the deflection 
to zero. The test is made by adjusting the resistances a 
and B until no deflection is obtained ; then, calling c and d 
the resistances of the conductors separating m and n respec- 
tively from the fault, we have — =: -. Then the resistance 

B D 

of c + D beingcalledL, the above equation gives the value of 



§ 5. The following is a plan for determining the position 
of a fault of high resistance in a submarine cable by a simul- 
taneous test at each end. It takes into account the uni- 
form leakage from each knot of the insulated cable, and 
can be carried out with much greater synchronism than is 
possible for the plans described in §§ 2 and 3, above. The 
connexions are shown in Fig. 174. g is a galvanometer j 




s an electrometer at the same station , S] an electro- 
meter at the distant station, where the end of the sub- 
merged cable IS insulated; the battery c z has one pole 
connected with the galvanometer g, and the other pole 
to earth ; let k be the resistance of the unit length of the 
conductor, and i the resistance of the unit length of insulated 
wire to conduction across the sheath; then let /be the length 
of the cable. I.xt \ be the distance of the fault from the 
galvanometer station ; let Pi be the potential at the distant 
station ; let p be the potential at the near station, and C the 
current observed on the galvanometer. 
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Then \ = — log, - .... 3°. 

2 (I D 

The measurements must be made in one consistent system 
of units. Absolute measurement in centimetres, grammes, 
and seconds may be used for the whole series. 

The test requires two instruments by which p and P| can 
be measured in absolute measure. 

§ 6. A fault of insulation in a submarine cable is generally 
due to a hole in the dielectric. This hole is gradually en- 
laiged by the action of the current, although the polarization 
at the fault often seems to seal it up for a time. Rapid 
reversals with 100 cells or more tend to break a fault down, 
i.e. to enlarge it, so that its resistance becomes insignifi- 
cant A current flowing from the copper to the sea 
apparently seals up a fault better than the opposite current. 
It causes the deposit of chloride of copper and oxygen, 
whereas the zinc current causes a deposit of salt and hydrogen. 
The bubbles of gas formed under great pressure in time 
burst the film of deposited salts, and the fault temporarily 
breaks down. When this occurs with the negative current, 
no further damage occurs in general than a slight enlarge- 
ment of the fault ; but by the positive current a slow but 
certain erosion of the copper is produced, which always ends 
in producing a complete and sudden loss of continuity in 
the conductor. No warning is given of the impending fatal 
injury; for solongas the slenderest thread of copper remains 
no sensible diminution occurs in the resistance of the line. 
Signallers prefer to keep a cable positive to the sea, because 
ihcy get better signals, the currents received being stronger, 
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and less liable to the derangements produced by the sudden 
variations of a fault. The practice is, however, reprehensible. 
A faulty cable should always be kept negative relatively to 
the sea. It is possible to send very good signals through a 
cable or line in which there is a fault of such magnitude 
that its resistance is far less than tliat of the conductor 
between the stations. Nothing is absolutely fatal to com- 
munication except a want of continuity in the conductor. 

Sometimes the fault is made by the presence of some 
foreign body in the insulator. When metai, such as a piece 
of broken wire, is driven through the dielectric connecting 
the conducting wire with the sea, or with the metal sheathing, 
a fault of no sensible resistance is produced, and this class 
of fault is easily recognised by the absence of polariza- 
tion. 

5 7. A fault of the second class, i.e. involving want of 
continuity, may be combined with one of the first class : 
thus the cable or land-line may not only be broken, but may 
be in more or less perfect connexion with the earth at the 
fracture. In this case simultaneous tests at both ends are 
impracticable. We can only measure the resistance of each 
unbroken portion of the cable, and guess from the polariza- 
tion what is likely to be the fraction of the whole resistance 
observed due to the fault. We can in any such case safely fix 
a maximum distance beyond which the fault cannot lie. With 
the minimum of polarization the bare copper end of a cable 
usually has a resistance equal to several miles of the con- 
ducting wire. 

Afault of the second class not unftequentiy occurs with 
perfect insulation. The conductor is broken, but insulated 
at the fracture. In a submarine cable the distance of the 
insulated fracture can then be measured very exactly by 
measuring the capacity of the cable between the fracture and 
the shore. The capacity per mile being knoivn, this' test 
gives the distance with great exactitude. On a land line the 
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insulation is seldom good enough to allow this test to be 
rigorously applied. 

§ 8. The position of a fault of the third kind — contact 
between neighbouring conductors — can easily be fixed if the 
contact is local, and of small resistance. We need only 
measure the resistance of the loop formed by the contact, 
and half this is evidently the resistance corresponding to 
the distance of the fault. When the contact is imperfect, its 
position can be very accurately determined by the aid of a 
third wire, if this be well insulated : to do this, treat one of 
;he two wires in contact as an earth, leaving it uninsulated i 
jtnd'by the loop test described § 4 above, fix the position of 
the point of contact on the other wire, this contact being 
now in effect an ordinary fault of the first class. 

The position of the contact can also be ascertained with- 
out a third wire, by a Wheatstone's balance test. To do 
this, the connections are arranged as follows. Fig. 124: r^ 
and r^xx are resistance coils, r,; and r-^, are the two sub- 
divisions of one of the two faulty line wires, subdivided at e 
by the contact ; the point Bi is the further end of the line, 
and is put to earth ; the branch r is made up of the galvano- 
meter, and of the earth at Bj; the wire joining the battery 
with E is the second line wire in contact with the first at e ; 
the further end of the second line is insulated. 

Then, calling x and y the two subdivisions of the first line 
wire, we have x = r,,, y = r^, and r., : r-/c,=-x : y\ whence, 
knowing r, and r^, x and y can be found. 
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CHAPTER XXVI. 



§ 1, ELECTRictTY has been applied in so many ways to the 
useful arts that a large separate treatise might be written on 
these applications. In this book a few only of these appli- 
cations can be mentioned, and these must be very cursorily 
described, under the heads of Electro-Metallurgy, Electric 
Light, Medical Applications, the Eiring of Mines, Clocks, 
governors and chrono scopes. 

ELECTRO-METALLURGY. 

5 2. In metallurgy electricity finds a threefold applica- 
tion. I. To electro-plating, such as gilding or silvering 
objects, z. To the reproduction by metallic casts of 
objects of any form. 3. To the reduction of metals 
fiom their ores. When our object is to coat a metal 
with a thin metallic film of some other metal, we immerse 
the object to be coated in a solution of some salt of the 
metal to be deposited. We pass a current from the bath 
to the object, so as to decompose the salt and deposit the 
metallic positive ion on the object, which is a negative elec- 
trode. By the choice of a proper salt, a proper strength of 
solution, and a proper strength of current, the film can be made 
adhesive. When copper cbjects are to be gilt, they are 
treated as follows :— They are first heated, to dispel any fatty 
matter from their surface j they are next plunged while 
still hot in very dilute nitric acid, which removes any coating 
of oxide or suboxide of copper; they are then rubbed with 
a hard brush, washed in distilled water, and dried in gently 
heated sawdust. They are still further cleaned by being 
rapidly immersed in ordinary nitric acid, and next in a 
mixture of nitric acid, bay salt, and soot. The objects thus 
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prepared, so as to have a uniformly clean metallic surface, 
are immersed in a bath containing a solution of some salt 
of gold. 

The objects are attached to the zinc pole of a battery 
consisting of three or four elements, the other pole of which 
is connected with an electrode of gold also plunged in the 
bath, The passage of the current decomposes the salt, 
deposits gold on the object, and causes the dissolution of 
an equal quantity of gold from the gold electrode. The 
time required for the operation depends on the thickness of 
coating required. One grain of gold and lo grains of 
cyanide of potassium in every 200 grains of water fonn 
a suitable bath. Silver, bronze, brass, German silver, and 
some other metals can be directly gilt in this manner ; but 
in order to gild iron, steel, zinc, tin, or lead, it is found 
necessary to electroplate them first with copper. The batJi 
from which copper is deposited is a saturated solution of 
sulphate of copper. The positive electrode must then be 
a copper plate. A bath for the deposition of silver 
consists of tivo grains of cyanide of silver and two parts of 
cyanide of potassium in every two hundred grains of water ; 
the positive electrode must be a silver plate. 

% 3. The reproduction of objects in metal by electricity is 
effected by a thick deposit of the meta) in a mould, the sur- 
face of which has been so treated as to be a good conductor. 
The deposit is obtained from a bath by the passage of a 
current, precisely as the deposit required for electro -plating 
is produced. 

The mould, if made of metal, should be slightly coated with 
aomefatty substance. A brush rapidly passed through a smoky 
flame, and then used as it were to dirty the mould, is said 
to be sutficaent to prevent adhesion. Ganot mentions Street's 
fusible alloy, consisting of 5 parts of lead, 8 of bismuth, and 
3 of tin, as suitable for moulds of metallic objects. Stearine 
is used to prepare moulds of plaster objects ; these are 
first immersed in melted stearine and withdrawn quickly ; 
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some of the stearine is absorbed by the pores of the plaster ; 
the surface is next coated with graphite or with black lead 
rubbed on with a brush. The stearine mould can then 
be taken. The interior surface of the mould is covered 
with graphite to make it conduct. 

Gutta percha moulds may be prepared by pressing gutta 
percha heated in warm water against the surface of the object 
to be copied, which should previously be covered with 
graphite to prevent adhesion. The mould must also be 
coated with graphite to make it conduct. Any of these moulds, 
used as a negative electrode in a bath of sulphate of 
copper, will become filled with a ci3pper deposit, which re- 
produces the original object. This process is of great use to 
printers. Copper plates are beautifully reproduced by its 

§ 4 The reduction of ores has never been carried out on 
any large scale, but several of the rarer metals have only 
become known to us by the decomposition of their salts 
under the action of the electric current. Davy obtained 
potassium for the first time by decomposing a slightly 
moistened fragment of hydrate of potash by a current from 
200 or zgo cells. Sodium can be obtained in a similar way ; 
but other methods are now known, which are commercially 
preferable. 

Barium, calcium, magnesium, aluminium, &c., can be ob- 
tained by electrolytic methods. 

The ores of silver, lead, and copper have been treated by 
electric processes, many details of which will be found in the 
' Trait^ d'£lectricit^ et de Magn^tisme,' by Messrs. Becquerel, 
vol. iL 



§ 5. When the points of two pencils of charcoal or graphite, 
attached by thick wires to the two poles of a galvanic battery 
of forty or fifty Grove's elements, are placed for a moment in 
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contact and then withdrawn, so as to remain about one 
eighth of an inch distant, a current will flow round the circuit 
crossing the arc from pencil to pencil, and at this spot 
emitting a most brilliant light. 

The name voltaic arc is often used to designate that por- 
tion of a continuous current where there is a gaseous con- 
ductor. The voltaic arc is in most cases luminous. Its 
colour depends on the gas traversed, and its intensity is 
closely connected with the density of the gas. With rare- 
fied gases, as in the Geissler tubes described above, a com- 
paratively feeble glow is obtained ; in air, the intensity of 
the electric light may be as great as ^ that of sun-light, 
according to experiments of Fizeau and Foucault, The 
air is much heated at the point of passage, and its resist- 
ance thereby reduced ; if the current be momentarily inter- 
rupted, the E. M. F. of the battery will be unable to re- 
establish the voltaic arc, unless the points are again 
brought \^vj close or into contact, to be withdrawn as 
before when the current has been established ; the reason 
being that the e. m. f. which is sufficient to send the 
current across hot air is insufficient when this air is 
cooled. The carbon of the pencils is consumed in the 
production of the light. The positive electrode is much 
more rapidly consumed than the negative electrode, and 
becomes hollow at the point. In order to render the light 
available for practical use, the graphite pencils must be held 
in a lamp, so constructed that the opening between the 
points remains sensibly in one place. In these lamps there 
must therefore be a feed supplying the pencils in the ratio 
in which they are found to be consumed. The lamp must 
also be furnished with some contrivance by which, if the 
voltaic arc is extinguished from any cause, the graphite 
points will instantly fall together, re-establish the arc, and 
again separate to the normal distance for the greatest inten- 
sity of light. Lamps fulfilling these conditions more or leas 
perfectly by means of electro-magnetic gearing have been 
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invented by Mr. F. H. Holmes, M. Serrin, M. Diibosc, 
and otliers. 

Mr. Holmes's lamp has been used for lighthouse illumi- 
natipn with success. 

An electromotive force of about eighty volts is apparently 
the least with whicli a good electric light can be produced, 
and the resistance of tlie circuit (exclusive of the voltaic 
arc) must not much exceed 12 or 15 ohms. Sir William 
Thomson has produced a good light with eighty D ' 11' 
cells of the construction and dimensions d nb d § 
Chap. XV. These cells remained in good 1 1 f 

several months, so that the light could be obt n d y 

moment by merely closing a urtuit Grov 11 11 

only act well for a few hours after being filled, d gi t 

noxious fumes. 

Mr Waru g produces an ntense electric light by the in- 
candescence of mercurv \apour The current is passed 
aloo^ a th n stream of mercur) which it volatilizes. The 
mercury is hermetically enclosed This light has a 
greenish tmge A rapid s ccess on of sparks from a 
Ruhmkofl co I will also produce a somewhat feeble light. 

The electnc light miv be maae use of in photography, 
and the examination of its spectrum presents many points 
of J,re■^t interest to the phjsicist 

FIRING OF MINES. 

g 6. This is effected by passing a current through a film of 
semi-insulating substance, which becomes red hot, and fires 
a detonating mixture or gunpowder. A fuse is prepared to 
which two insulated wires are led. The ends of these 
wires are imbedded in a thin solid gotta percha rod :,they 
do not Join, but end in a little layer of the priming com- 
position, which is an intimate mixture of subsulphide of 
copper, subphosphide of copper, and chlorate of potassium. 
The whole is surrounded by gunpowder. A feeble current 
will not heat the priming composition to redness, but a 
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powerful current, even if short, will develop enough heat by 
its passage to ignite the powder. The current is generally 
produced by the discharge of a condenser, and this con- 
denser is often charged by a frictional electric machine.. A 
vulcanite plate machine as designed by Ebner is much used 
with a condenser consisting of a sheet of india rubber with 
tinfoil armatures rolled up so as to form a cylinder. A 
magneto-electric current or a batterj- current may be used. 
When the mine or torpedo is to be fired by the discharge of 
a condenser, a fine wire is better than a thick one, in order 
that the capacity of the conductor may be small : with the 
same object the thickness of the dielectric should be con- 
siderable, and the very best insulation is necessary. 

The detonating mixture may also be fired by heating 
to redness a fine platinum wire stretched between the two 
ends of the copper wires ; the platinum wire should be coated 
with fiilrainate of mercury. A voltaic battery is required with 
this arrangement, which has the double advantage that the 
condition, of the conductors can from time to time be tested 
by feeble currents which will not explode the charge, and 
that it allows several insulated conductors to be laid in one 
cable, which plan cannot be followed when the mine is 
fired by the dischai^e from a condenser, owing to the power- 
ful current then induced in the neighbouring wires, which 
would fire all the mines whenever a current was passed along 
a single wire. The platinum fuse can be fired when the 
insulation of the conductors is very defective. 

MEDICAL APPLICATIONS. 

§ 7. Electricity in its passage through the body may produce 
very marked physiological effects. The simple passage of a 
current from one hundred cells produces a somewhat dis- 
agreeable disturbance or tingling at the pointwhere it entersor 
leaves the body. This feeling is considerably more intense at 
the moment when the current begins and ceases than at any 
Other time. When a powerful current of very short duration 
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is sent through the body, as from a Leyden jar of moderate 
size chained to the potential of several hundred volts, the 
disturbance is felt throughout the frame, and is well known 
as an electric shock. The disturbance produced may be so 
great as to produce illness or death, and many persons who 
are killed by lightning are killed by the simple shock re- 
sulting from the sudden discharge of electricity from their 
bodies, which had been inductively electrified from the 
clouds ; the lightning passing from cloud to cloud discharges 
these, and the escape of the electricity from the body pre- 
viously charged produces the shock. The rapid succession 
of currents produced by rotating, magneto-electric arrange- 
ments produce a singular numbness if passed through the 
body, so that a man holding tivo electrodes from whicli these 
short rapidly alternating currents flow cannot let them fall, 
but holds them convulsively. The very first discovery of the 
electric current by Galvani was due to the contraction of a 
muscle of a frog under the influence of the current. From 
all these facts it cannot be doubted that electricity may be 
of use as a curative agent ; the medical man may find in it a 
means of producing important modifications in the condi- 
tion of the body; but the author is unable to speak with 
any confidence of the applications as yet made of this agent. 
Rapidly alternating magneto currents are die most popular, 
butheis not aware that thoroughly scientific experiments have 
been made on the effects produced, or on the real magnitude 
of the currents employed. Valuable results may have been 
and may be attained, but it is for medical men to decide 
how far these have or have not been the results of some 
happy accident. The application of electricity, unhappily, 
can easily be made the subject of quackery without de- 
tection. 

The actual cautery can be applied by platinum wire 
heated by an electric current in parts of the body which 
could not be reached in any other way. 
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AND CHRONOSCOPES. 

§ 8. Thereare many otherusefuUpplications of electricity. 
Mr. Alexander Bain drives clocks by a small current acting 
on a propelment, the speed of which is regulated by a 
pendulum. The propelment actslike the propelment of the 
dial telegraph instruments. The same inventor followed 
by others control* distant clocks from one standard clock 
by electro-magnets set in action by currents. The pendu- 
lum of the distant clock oscillates freely if keeping perfect 
time, but is slightly retarded or accelerated by an electro- 
magnet if before or behind time. Time guns or other time 
signals are also given from observatories by the aid of 
electric currents. 

Electricity is made use of in one form of govemoi to 
regulate the speed of machinery. When the speed is ex- 
cessive, the governor balls by their divergence complete 
a contact which permits a current of electricity to produce 
friction by the action of an electro-magnet. 

Electricity is made use of to light the gas in one species of 
motor gas engine, and electric sparks have been used to 
light gas lamps. 

Electric chronoscopes measure time to thousandths of a 
second, and by their aid the speed of projectiles is ascer- 
tained : the plan in general being that the projectile at one 
part of its path interrupts one circuit, and at another part a 
second circuit, by cutting wires. The interruptions deter- 
mine sparks which leave their record on prepared paper or 
a metallic surface, moving with known velocity : the distance 
between the records of the sparks serves therefore to 
measure the rime occupied by the projectile in passing from 
one wire to the next. In this little treatise these and many 
other important applications can barely be enumerated. 
As the science becomes more familiarly known, the extent 
and number of useful applications will day by day increase. 
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CHAPTER XXVII. 

AIMOSPHERIC AND TERRESTRIAL ELECTRICITY. 

§ 1. Not much is known of the distribution of electricity 
on the surface of the earth. According to Sir William 
Thomson the most probable distribution is analogous to that 
which would be produced if the earth's surface generally were 
charged with negative electricity held as a chatge on the inner 
armature of a condenser, the outer armature of which was 
in the upper regions of the atmosphere, the lower part of 
which acts as the dielectric. Electrified masses of air moving 
at no great distance from the earth's surface are continually 
altering the distribution of electricity, which is, however, gene- 
rally found to be negative on the earth's surface. The 
modes of investigating the density of electritication and the 
sign of tlie electricity at the earth's surface are analogous to 
the method of the proof plane. Some conductor in contact 
with the earth is insulated, brought indoors, and the sign 
of its electrification ascertained by an electrometer. We 
here speak of the electrification of the surface, not of the 
potential, at points of the air which must be separately 
investigated. We cannot treat air as we can the earth, 
because it is an insulator, and will not part with its elec- 
tricity to any conductor analogous to a proof plane, 

5 2. The potential of the earth's surface is assumed as the 
zero or datum from which all other potentials are measured ; 
nevertheless we know that the potentials of different places 
on and in the earth differ considerably, sometimes to the 
extent of several hundred volts, though this is rare. We 
obtain this information from the currents observed to flow 
througii wires joining parts of the earth widely separated. 
These currents being known, and the resistance of the 
circuit being known, the e. m. f. due to differences of poten- 
tial between the ends of the wire can be inferred with 
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certainty. The difference of potential between the two 
sides of the Atlantic is often not more than one or two 
volts, and generally points joined by the sea are nearly at 
one potential. This condition is, however, liable to be dis- 
turbed from time to time, and these disturbances are 
called electric storms. Statistics of the distribution of po- 
tential over the earth's surface have not yet bee co piled 

§ 3. Any conductor at the end of i h ch a flan e s 
burning, or any small pipe from which water d 05 s 11 very 
soon acquire the potential of the air where tl e flame burns 
or the water is dropping ; for if there is any d fierence of 
potential between the conductor and the air neir the flame 
or tube end, it will cause an accumulation of electricity at 
the flame or tube end, and this electricity will then be 
conveyed away by the particles flying off in the flame or by 
the drops of water until there is no difference of potential 
between the conductor and the neighbouring air. 

This fact enables us to measure the potential of the air ai 
any point, or, in other words, to compare its potential with 
that of the earth. To do this, a conductor hav-ing a flame 
or water-dropping arrangement at one end is connected with 
one pair of quadrants of the reflecting electrometer ; this 
pair of quadrants is thereby brought to the potential of the 
air at the spot to be tested. The other pair is connected 
witli the earth, and the difference of potentials is then 
measured by the deflection of the electrometer in the usual 
way. Other forms of electrometer may be used. Sir William 
Thomson found that the potential of the air varied very 
rapidly near the surface of the earth. Thus he has observed 
a difference of potential between the earth and the air nine 
feet above it, equal to 430 volts in ordinary fair weather, and 
in breezes from the east and north-east as great a difference 
as this per foot of air. The potential is perpetually fluc- 
tuating, even in fair weather. Instruments have been in 
aaion for some time at Kew and elsewhere, recording con- 
tinuously the differences of potential between the earth and 
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one point in the air. Tlie potential of the air appears to be 
generally positive In fine weather, and negative only 
during broken or rainy weather. 

§ 4. The distribution of magnetic force on the surface of 
the earth has already been alluded to in Chap. VII. It is 
conceivable that this force may be wholly due to currents 
flowing round the earth, and maintained by the thermo- 
electric action due to the sun, or to some other cause con- 
nected with the rotation of the earth. Observation does 
not, however, as yet enable a decided opinion to be given 
on this point. 



CHAPTER XXVIII. 

THE mariner's COMPASS. 



§ 1. The mariner's compass consists of a card pivotted on 
a vertical axis, and directed by having on its lower surface 
one, two, four, or more parallel magnets with similar 
poles pointing in similar directions. The magnets being 
free to turn in a horizontal plane, place themselves in the 
magnetic meridian. The object of using several magnets 
is to increase the magnetic moment for a given weight of 
steel. The upper surface of the card is divided into degrees 
and also into thirty-two parts, each containing 11° 15'; the 
thirty-two rays indicate the thirty-two points of the com- 
pass; the line joining the north and south pomts is parallel 
to the axes of the magnets. The north and south line 
indicates the magnetic meridian at each place. As was 
shown in Chapter VII., the declination varies at different times 
and at different places. The declination of the particular 
place at the particular time must be known by means of 
charts or otherwise before the true north or any other true 
course can be determined by tJie aid of the compass. 

§ 2. The presence of any iron or steel in the neighbour- 
hood of the compass alters the direction of the lines of 
force in tlie magnetic field, and causes what is termed a 
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deviation of the north and south Hne from the magnetic 
meridian. In wooden ships, by a little caie in placing the 
compass properly, deviation errors of any practical moment 
may be wholly avoided, but in iron ships they must be 
partly allowed for and partly compensated. The deviation 
in an iron ship is due to two causes — ist, the permanent 
magnetism of the ship ; and, the magnetism induced by the 
earth's magnetic force. We can compensate for the effect of 
the permanent magnetism by properly placing a permanent 
steel magnet in the neighbourhood of the compass, exerting 
an equal and opposite couple to that due to the ship. 

We cannot compensate or can only very imperfectly com- 
pensate for the effect of induced magnetism, because it is 
impracticable to arrange a soft iron structure near the com- 
pass, such that its induced magnetism shall have an opposite 
and equal effect to that of the ship. The induced magnetism 
varies as the ship turns round horizontally. Thus when she 
bears north or south, her magnetic moment is much greater 
than when east or west. By testing experimentally in port 
the deviation on each course, a correction is obtained for that 
particular neighbourhood. The ship's induced magnetism 
also varies, however, as the direction and intensity of the 
earth's magnetic force varies ; and no safe allowance can 
be made for errors resulting from this cause. Moreover 
the induced magnetism varies as the ship rolls, and 
(to a much less extent) as she pitches. The heeling error 
can be compensated, as was shown by the late Mr. 
Archibald Smith. The Admiralty Compass Manual, written 
by that gentleman in concert with Captain Evans, R.N., 
should be consulted by all who wish to understand the 
mariner's compass. The mathematical and practical in- 
vestigations of Mr. Smith have been of the very highest 
utility in adding both to our scientific knowledge and to 
the practical utility of the mariner's compass. 

'X\\t prismatic compass and azimuth compass are compasses 
fitted with contrivances by which the bearings of objects can 
be taken. 
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TEXT-BOOKS OF SCIENCE, MECHANKAL AND PHYSICAL, 

ADAPTED FOR THE USE OF ARTISANS AND OF STUDENTS 

IN PUBLIC AND SCIENCE SCHOOLS. 



Ifoie ill course of jntblicatioti, in small 8«o. each volume contaiaing 
ahuvt Three Himdred pages, 

A SEKIES OP 

ELEMENTARY WORKS ON MECHANICAL AND PHYSICAL SCIENCE, 

TEXT-BOOKS OF SCIENCE 



THE PUBLICATION of the BevieB of Books intitled Teit-Books of 
Science was underaikeii liy Mesare. LoMOUiNS & Go. in conse- 
quence of a belief (which was bseed upon the Reports of the Public 
Schools and the Schools Inquiry CommiBsions, as well as the evidence 
taken before several ParliomfDtaiy Committaes) that a want existed of 
a Series of Elementary Works in the various branches of Mechaoical 
and Physical Science suitaiile for general use in Schools, CoEegeH, and 
Science Classes, and for the self-instruction of Working Men. 

The cordial reception given to the Tarious Tolnmes of this Series, as 
they appealed, by all sections of the Public Press, and the fe«t that 
upwacdB of 60,000 Teit-Books have been already sold, have shewn 
tbat Messrs. Lonomans & Co. were fully .justified in their belief in the 
esist«nce of such a want, and have also warranted the supposition 
that, as regards the sabjects hitherto treated, the want has now been 
supplied. Encouraged by this sueceas, Messrs. IiOngmans & Co. have 
detarmiDed to extend their senes, and hare accordingjy entered into 
negotiations for the production of -works on Jstronomy, AgHmltaTid 
Chemiiiry, Chemical Philosophy, Botany, Photography and Miiteralogy, 
The greatest care will continue to be taien to invite eoutcibntiona from 
those [men only who are acknowledged to be masters ot the Eubjecta 
entrusted to them, and whose names will be a sufficient guarantee for the 
escellenee of their work. 
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